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PEEFACE. 


Tfus  book  is  divided  into  tliree  parts:  the  first  treaU  of  ths 
Geometrjr  of  Machinerjj  the  second  of  the  Dynamics  of  Ma- 
chinery ;  and  the  third  of  the  Mateiiida,  Strength,  and  Cou- 
stmctioo  of  Machinery. 

Under  the  head  of  the  Geometry  of  Machinery,  machines  ar« 
considei-ed  with  reference  to  the  cniDpuratire  motions  only  of 
their  moving  [larts;  and  rules  are  given  for  designing  and  arrang- 
ing thow  {larts  so  as  to  jiruduce  any  given  comparative  motion. 

Coonidering  that  the  object  of  such  rnjes  is  to  adjust  the  dimen- 
sio«s  of  the  parts  of  raacbinea  l>y  processes  of  practic&l  geometry, 
I  have  thought  it  "dvisable  to  nolve  every  question  by  drawing, 
nitl>er  than  by  calculation,  except  in  a  few  special  cases  where 
calcnhition  is  indispensible. 

Many  <if  the  graphic  rales  thus  obtained  are  made  more  vaxj 
and  accurate,  and  some,  indeed,  are  maJe  possible  which  were  not 
wo  brrottt,  tij  the  aid  of  new  methods  of  measuring  and  laying  off 
tba  length*  of  cnrred  lines. 

Two  cbaiiters  of  the  first  part  are  devoted  to  the  detailed  coo- 
I  of  the  moTcments  of  single  pieces  in  machines.  The 
lalwlrT  of  the  part  relates  to  Pore  Mechanism,  as  defined  and 
I  to  a  system  by  Professor  Willisl  The  oi-der  in  which 
tke  orioM  comUnations  in  mechanism  are  treated  of  is  different 
fc*a  ihal  adopted  by  him;  bnt  the  principles  arc  the  same. 

8e*ctal  [voUciDs  in  mechanism  are  solved  fay  methods  which, 
a*  br  «s  I  ktMiv,  faaTH  not  hitherto  been  published ;  and  which 
pENEM  adrantagea  in  piHnt  of  ease  or  of  accuracy.  I  may  specify, 
ia  pactiralar,  the  drawing  of  rolling  corves,  and  of  some  kinda  of 
ciB»;  tba  a>BstructMMi  of  tbe  6garea  of  teeth  of  akew-heTel  wheel*^ 
■ad  (f  tbirads  of  gearti^aciewT,  by  the  help  of  the  normal  section; 
•ad  aMM  tvproveBientfl  in  the  details  of  proccswa  Ibr  < 
iatETmiUMtt  par,  link-motiona,  and  parallel  ■mtifln& 

UtMlcr  (he  bead  at  tke  Dynamics  of  Macbinet;  an  < 


I 
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the  forces  exerted  and  the  work  done  in  machiDcs;  tbe  means  of 
meaHuring  those  quuutities  by  indicators  and  dynamometers,  of 
detei-miiiiog  and  balanciog  the  reactions  of  moving  masses  in 
machinL-s, and  of  regulatiug  work  aod  speed;  and  the  efficiency,  or 
Itroporlion  ia  which  the  useful  work  is  less  than  the  total  work,  ia 
ttic  different  sorts  of  moving  pieces,  and  in  their  various  combiiu- 
tiotis. 

Considering  thnt  a  convenient  single  word  ia  wanted  to  denote 
tile  proportion  iu  which  the  total  work  in  a  machine  is  greater 
(ban  the  Ireful  work,  I  have  ventured  to  propose  the  word  Covsmt- 

riL-iENCY  for  that  pjirpoae. 

Under  the  head  of  the  Materials,  Strength,  and  CoDBtmction  o 
Machinei-y  are  considercdgjfrjj,  the  properties  of  various  material^J 

affecting  their  treatment  and  ntie  in  the  constroction  of  ntachijm; 
McoWt/,  the  general  piinciples  of  the  strength  of  matei-ials;  Ihirtttg, 
special  application  of  those  |irineipIos  to  questions  relating  to 
strength  and  the  construction  of  various  parts  of  machines; 
ta  A  fourthly,  the  principles  of  the  action  of  cutting  toolj*. 

Great  care  huH  been  taken  to  ascertain  the  values  of  the  factor  ' 
of  Eaffty  and  of  the  working  stress  in  anccesaful  examples  of  actual 
naubincry ;  and  some  of  the  problems  respecting  the  Btwugth  of 
■pecial  parts  of  machines  have  not  been  published  previously  except 
b  scientific  joumalH  and  in  lectures. 

Antborities  for  facts  and  information  are  cited  where  it  is 
necessary  to  do  bo.  The  fillowing  works  are  so  frequently  referred 
io,  tliat  it  may  bo  d™intbli>  to  mention  them  here  spi-ciuljy ; — 

Wii,Li»  On  iftelianitm,  first  edition,  1841 ;  second  edition,  1S70. 

FAIRBitlB.'i  On  Afil/wKirk. 

lloLTZAPmi.  On  Medumieal  ifaitipulatiart. 
BucnAXAX  On  itillxoork;  edit*d  by  Tbedgold  and  0.  Risxre, 
Ka  Euay  on  TooU  br  Nabmith. 

W.  J.  M.  R. 
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A  MAOTAL  OF  MAOHIKEEY  AND  MILLWORK. 


IMTRODUCTION 


AbT.  1.    Kmxmn   ud  Vh  af  Stmthiatrr  !■  Onatsl.— The   Use  of 

machinery  ia  to  tranamit  and  mixljfy  motion  and  force.  The  parta  ol 
irhich  itcoDsistsiaaybediatmguiahed  into  two  principal  diTiaions, — 
Ae  i/nAamfm,  or  mimiig  parts;  and  the  /Vame,  being  the  structure 
which  supports  the  pieces  of  the  mecbanism,  and  to  a  certain  extent 
determines  the  nature  of  their  motions.  In  the  action  of  a  machine 
the  following  three  things  take  place : — First,  Some  natural  source 
of  energy  commuoicatea  motion  and  force  to  a  part  of  the  mechan- 
ism called  the  Prime  Afoter;  Secondly,  The  motion  and  force  are 
transmitted  from  the  prime  mover  through  the  train  of  mechanism 
to  the  tcorUng  piece;  and  during  that  transmission  the  motion  and 
force  are  modified  in  amount  and  in  direction,  so  as  to  bo  rendered 
anitable  for  the  purpose  to  which  they  are  to  be  applied;  and. 
Thirdly,  The  working  piece,  by  means  of  its  motion,  or  of  its  motion 
and  force  combined,  accomplishes  itome  useful  purpose. 

2.   IHMlaatoN  kelmcB  Ika  deaweur  «Wi   Ike   DrHasIc*   «t  31b- 

cWacvr— The  modlBcation  of  motion  in  machinery  depends  on  the 
figoics  and  anwigemeDt  of  the  moving  pieces,  and  the  way  in 
whid  they  are  connected  with  the  frame  and  with  each  other;  and 
almoat  all  questions  respecting  it  can  be  solved  by  the  application 
of  geometrical  principles  alona     The  modification  of  force  depends 
on  the  modification  of  motion;  and  those  two  phenomena  always 
take  place  t<^;etber ;  bnt  in  solving  questions  relating  to  the  modi- 
fication of  force,  the  principles  of  dynamics  have  to  be  applied  in 
additios  to  thooe  of  geometry.     Hence,  in  treating  of  the  art  ot 
(ifrirning  machinery,  arises  a  division  into  two  departments, — the 
^Gevnteby  ^  ilae/finery,"  or  "Scufnce  of  Pare  Meeftaniam"  (tovm 
t      ■  term  introduced  by  Professor  Willis),  which  shows  how  the  figure, 
^Rviuigeinent,  and  mode  of  connection  of  the  pieces  of  a  machinn 
^B^B  to  be  aduited  to  the  modification  of  motion  which  they  are  to 
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produce;  and  the  "Dynamics  of  Machinery," 
modifications  of  force  accompany  given  modificutions  «f  wotion, 
and  wliut  modificatioaa  of  motion  arc  required  iu  order  to  pi-odure 
given  modifications  of  force. 

3.  Stnngik  of  fliaciiiHerr.— la  ordcr  tliat  a  machine  may  be  fit 
for  use,  every  part,  both  of  the  machinery  and  of  the  framework, 
must  be  capable  of  bearing  the  utmost  Btraiuing  action  whidi  can 
be  exerted  upon  it  duriog  the  working  of  tlie  machine,  vrithout  any 
risk  of  being  broken  or  overstrained ;  and  the  dimensions  required 
for  that  purpose  are  to  be  determined  by  the  proper  application  of 
the  principles  of  the  strength  of  materials. 

4.  The  Am  or  ihe  Cmn-rmcuma  »t  Btme^imnrT  consists  of  three  de- 
partments,— the  selecting  and  obtaining  of  suitable  materiaU  for  the 
parts  uf  the  mechanism  and  framework ;  the  ahajitng  of  those  parin 
to  tho  pivpcr  figures  and  dimendons  by  means  of  suitable  UnAt; 
attd  the  fitting-up  of  tlio  machine,  by  putting  its  parts  togt.-ther. 

5.  ditMsb  or  (he  Sa^rci. — For  the  reasons  txpl&ined  in  the 
{'receding  Articles,  the  subjects  of  this  work  are  treated  of  uodcf 
lour  principal  heads, — Geometryof  Machinery,or  Pure  Mechaninii 
Dynamics  of  Machinery;  Materials,  Constructioii,  and  Strength  o^ 
Machinery. 
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CHAPTER  L 


ELEMENTAST  B17LBS  IN  DESCRITTTTE  OEOUETBT. 

BSacnoB  L — General  Exptajtalians — Prrjeclion  of  P^r\la  and  Lines. 

.  BeKripiiTe  flrsaicaT  13  the  art  of  representing  solid  figures 

Ll^n  a  plane  Euvfiice.     In  the  present  chapter  are  given  t 

stienJ  elementary  rules  in    that  art,    whose   application   is  ot 

'   frequent  occurrence   in   designing   mechanism.     The  more 

ial  and  complex  rules  will  be  giren  in  the  ensuing  chapters,  in 

hnating  of  the  particular  kinds  of  mechanism  to  which  those  roles 


upon  a  given  plane  is  meant 


long.- 

7.    By  the  Pr^eeliDB  •! 

thefoot  of  a  perpendicular 
let  f&ll  from  the  point  on 
the  plane.  For  example, 
in6g.  1,XZZX  repre- 
aents  a  plane  (called  a 
plane  of  projection),  A  a 
point,  and  A  B  a  perpen- 


dicnlar  let  fall  from  the 
point  on  the  plane;  the 
foot,  B,  of  that  perpen- 
dicular is  the  projection 
of  the  point  A  on  the 
plane  X  Z  Z  X. 

8.  The  PHiiisa  of  ■ 
emtmt  is  completely  deter- 
mined when  its  projections  npon  two  planes  not  parallel  to  each 
other  are  known.  In  descriptive  geometry  a  pair  of  planes  of 
projection  at  right  angles  to  each  other  are  used;  and  in  general 
oae.  of  these  is  vertical  and  the  other  horizontal.     Thus,  in  fig.  1, 

*  For  complett  mfontistinit  on  the  snbject  of  duciiptivc  geometry,  nifer- 
mc«  mty  be  made  to  tlie  worki  of  Mange  and  H««bette  in  Fieadi,  and  of 
pr.  Weolk;  in  EngliiL 


X  Z  Z  X  18  the  vertical  plane  of  projection,  and  X  Y  7  Z  tb 
horizontAl  plane  of  projection;  B  is  the  rertiail  projection,  kadC 
the  horizontal  projection  of  the  point  A ;  and  those  two  piojectigBi 
tompletely  determine  the  pofrition  of  the  point  A ;  for  no  other 
point  can  have  the  same  pair  of  projecttons. 

9.  The  All*  af  PMjrcUoa  is  the  tine  X  X.  in  which  the  two 
planes  of  projection  ent  each  'ithcr. 

10.  BakaiBCBir— When  the  two  projections  of  an  object  ue 
Rhown  in  one  drawiog,  it  ia  convenient  to  represent  to  the  nind 
that  the  following  process  has  been  performed : — Suppose  that  the 
vertical  plane  of  projection  ia  hinged  to  the  horizontal  pluM  tl  the 
Axis  X  X,  and  that  after  the  projection  of  the  object  on  the  vertiol 
plane  has  been  made,  that  plane  is  turned  abont  that  axis  nnti]  K 
licH  flat  in  the  position  XesX,  soas  tobe  oontinnous  with  the 
horizontal  plane :  thus  bringing  down  the  i»rojection  B  to  ft.  TTii* 
nrocesB  is  culled  the  raltalmeTU  of  the  vertic&l  platie  upon  the 
horizontal  plane  fto  use  a  term  borrowed  from  the  BWoch 
"raballcmeiU"  by  Dr.  W<M)Iley).  The  two  points  C  and  6  are  in 
one  straight  line  perpendicular  to  X  X.  The  process  of  rabatment 
may  be  conceived  also  to  be  perfoi-med  upon  a  plane  in  any  position 
when  a  figure  contained  in  that  plane  ia  shown  in  its  tnie  dimta- 
(ions  on  one  of  the  planes  of  projection. 

1 1.  Pntjecusu  sr  i.Id».— The  projection  of  a  line  is  a  line  con- 
taining the  projections  of  all  the  points  of  the  projected  line.  The 
projection  of  a  straight  line  perpendicular  to  the  plane  of  projection 
IS  a  point ;  for  example,  the  projection  on  the  vertical  plane. 
X  Z  2  X  {fig.  1 ).  of  the  atraight  line  A  B,  pcnwndicnlar  to  that 
plane,  is  the  point  B.  The  projection  of  a  straight  line  in  ■ay 
other  position  relatively  to  the  plane  of  jirojection  ia  a  straight 
line.  If  the  projected  line  is  parallel  to  the  plane  of  projection, 
iti  projection  is  parallel  and  eqnal  to  the  projected  line  itself;  thus 
the  projection  on  the  horizontal  phmi',  X  Y  Y  X,  of  the  horizoDtal 
ttraight  line  A  B,  is  the  parallel  and  equal  line  C  D.  If  the  pro- 
jected line  ia  oblique  to  the  plane  of  projection,  the  projection 
u  shorter  than  the  original  line. 

The  projections,  on  the  name  plane,  of  parallel  and  equal  Htraigbt 
liosB  t,n  parallel  and  rqiiaL  The  projections,  on  the  siime  plane, 
of  parallel  lines  bearing  given  proportions  to  each  other  are 
panllel  lines  beaHiiR  the  same  projiortions  to  each  other.  When 
tlic  plane  of  a  plane  curved  line  is  perpendicular  to  a  plane  of 

ErojectioD,  the  projection  of  the  curve  on  this  place  is  a  straight 
nfl,  being  the  intersection  of  the  plane  of  the  curve  with  the  plane 
of  projection.  When  the  plane  of  the  projected  curve  is  parallel 
to  a  plane  of  projection,  the  projection  of  the  curve  on  this  plant.- 
■■  iW  and  equal  to  the  original  carve.  In  all  other  cases,  it 
^^^^^fu  the  preserTBtion  of  the  proportions  of  a  set  of  pondlcl 
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orditiBtes  amongst  tlieir  projectioDG,  iliat  tlie  projections  of  a  plane 
curve  of  a  given  algebraical  order  are  curves  of  the  same  algebraical 
order.  The  projections  of  a  circle  are  ellipses;  the  projections  of  a 
p&rabola  of  a  given  order  arc  parabolas  of  the  same  order.  The 
projections  of  a  straight  tangent  to  a.  plane  curve  are  straight 
tangents  to  the  projections  of  that  cmve.  The  projections  of  a 
point  of  contrary  flexure  in  a  plane  curve  are  points  of  contrary 
tlexore  in  its  pi'ojectioca. 

12.  Dnmiuya  at  u  iHackiBc.— A  third  plane  of  projection,  per- 
pendicular to  tlie  Svnt  two,  is  often  employed,  not  as  being 
mathematically  necessary,  but  as  being  more  convenient  for  the 
representation  of  certain  lines.  Thus,  for  example,  the  drawings 
of  a  machine  usually  consist  of  three  projections  on  three  planes  at 
right  angles  to  each  other;  one  horizontal  ((/«  plan),  and  the  other 
two  vertical  (the  eUmtiom).  Any  two  of  those  projections  are 
mathematically  sufficient  to  show  the  whole  dimensions  and  figure 
of  the  machine;  and  from  any  two  the  third  can  be  constructed; 
but  it  is  convenient,  for  purposes  of  measurement,  calculation,  and 
construction,  to  have  the  whole  three  projections. 

In  the  application  of  the  niles  about  to  be  stated  in  the  sequel 
of  this  Section,  the  two  plaues  of  projection  may  be  held  to  repre- 
sent any  two  of  the  three  views  of  a  machine ;  and  the  axis  of 
projection  will  then  have  the  directions  stated  in  the  following 

Tlfwi  HapreHDWd  liy  Iha  FluBa  DI  DirecUoD  nt  the  Axil 

FnJectlaiL  ofl^jecUoo. 

Longitudinal  Elevation  and  Plan, Longitudinal 

Longitudinal  and  Transverse  Elevations,.. ..Vertical. 
Plan  and  Transverse  EHevation, Transverse. 

Projections  of  figures  upon  planes  oblique  tu  the  principal  planes 
of  projection  may  be  used  for  special  purposes. 

Sectioii  IL — Traca  of  LtMS  and  Hurfacee. 

13.  By  a  'rncn  is  meant  the  iut«raection  of  a  line  with  a  sur- 
&ce,  or  of  one  sur&ce  with  another.  The  trace  of  a  line  upon 
a  surface  is  a  point;  the  trace  of  one  surface  upon  another  is  a 

In  descriptive  geometry  the  term  Waeet  is  specially  employed, 
when  not  otherwise  specified,  to  denote  the  intersections  of  a  line 
or  surface  with  the  planes  of  projection, 

14.  Tracca  •t  b  Mnisiii  (.Ibc— The  position  of  a  ttraighl  line  is 
completely  determined  when  its  traces  are  known.  Por  example, 
the  straight  line  A  C,  in  fig.  2,  has  its  poution  completely  det«r- 
miued  by  ita  traces,  A.  and  C,  being  the  points  when  it  calA  \]b& 


i 
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X  Z  Z  X  in  the  vertical  plane  of  projection,  and  X  Y  T  X  tl>e 
horizontal  plane  of  projection;  B  is  the  vertical  projection,  ftnd  C 
tlie  horizontal  projection  of  the  point  A ;  and  those  two  projections 
tompletelj  determine  the  position  of  the  point  A  :  for  no  oUier 
point  c&n  have  the  same  pair  of  projections. 

9.  The  Aula  sT  Pr^ertisn  13  the  line  X  X,  in  which  the  two 
planes  of  projection  cut  each  other. 

10.  BBfeaoHBi.— When  the  two  projections  of  an  object  »re 
shown  in  one  drawing,  it  is  convenient  to  repreaent  to  the  mind 
that  the  following  process  has  been  performed: — Suppose  that  the 
vertical  plane  of  projection  is  hinged  to  the  horizontal  plane  at  the 
alia  X  X,  and  that  after  the  projection  of  the  object  on  the  vertical 
plane  has  been  made,  that  plane  is  turned  about  that  axis  nntil  it 
lies  flat  in  the  position  X==X,  soastobe  continuous  with  the 
horizontal  plane:  thus  bringing  down  the  projection  Bto  &.  This 
process  is  called  the  rabfUment  of  the  vertical  plane  upon  the 
horizontal  plane  (to  u^te  a  terra  borrowed  from  thn  French 
"raboUement"  by  Dr.  'Woollev),  The  two  points  C  and  6  are  in 
one  stmght  lino  perpendicular  to  X  X.  The  process  of  rabatment 
may  be  conceived  also  to  be  performed  upon  a  plane  in  any  jwsition 
when  a  figure  contained  in  that  plane  is  shown  in  its  tnie  dimen- 
sions on  one  of  the  planes  of  projection. 

1 1.  Pr^ecuan  mt  1.1ms.— The  projection  of  a  line  ia  a  line  con- 
taining the  projections  of  all  the  points  of  the  projected  line.  The 
projection  of  a  straight  line  perpendicular  to  tlio  plane  of  projection 
is  a  point;  for  example,  the  projection  on  the  vertical  plane. 
X  Z  Z  X  (fig.  1).  of  the  straight  line  A  B,  prqieudicuhiv  to  that 
plane,  is  the  point  B.  The  projection  of  a  straight  line  in  any 
other  position  relatively  to  the  plsne  of  projection  is  a  straight 
lina  If  the  projected  line  ia  parallel  to  the  plane  of  prnjectioo. 
its  projection  is  parallel  and  equal  to  the  projected  line  itself;  thus 
the  projection  on  the  horizontal  plane,  X  Y  Y  X,  of  the  horizontal 
straight  line  A  B,  is  the  parallel  and  equal  line  C  V>.  If  the  pro- 
jected line  is  oblique  to  the  plane  of  projection,  the  projection 
is  shorter  than  the  original  line. 

The  projections,  on  the  sameplane,  of  parallel  and  equal  Rtraight 
lines  are  paraUel  and  equah  The  projections,  on  the  ^me  plane, 
of  parallel  lines  bearing  given  proportions  to  each  other  are 
parallel  linea  bearing  the  same  proportions  to  each  other.  When 
the  plan«  of  a  plane  curved  line  is  perpendicular  to  a  plane  of 
projection,  tha  projection  of  the  curve  on  this  plane  is  a  straight 
line,  being  the  intersection  of  the  plane  of  the  curve  with  the  plane 
of  projection.  When  the  plane  of  the  projected  curve  is  parallel 
to  a  plane  of  projection,  the  projection  of  the  cune  on  this  plane 
in  irimihir  and  equal  to  the  original  curve.  In  all  other  casm,  it 
'  "lowi  from  the  preaemtion  of  the  proportions  of  a  set  of  pandld 


'   ordinates  amongiit  tbeir  projecdoaii,  tUat  t)ie  projections  of  a  plane 
ctm  e  of  a  givtu  algebraical  order  are  curves  of  the  same  algebraical 
order.     The  projections  of  a  circle  are  elUpaes ;  the  projectioDS  of  a 
parabola  of  a.  given  order  are  parabolaa  of  the  same  order.     The 
projections  of  a  straight  tangent  to  a  plane  curve  are  straight 
tangents  to  the  projections  of  that  curve.     The  projections  of  a 
point  of  contrHry  flexure  in  a  plane  curve  are  points  of  contrary 
tlexore  in  its  pi'ojections. 
I|         12.  DnwiHsa  sfa  Siochiac— A  third  plane  of  projection,  per- 
j^^^endicular  to  the  first  two,    is  often   employed,    not  aa  being 
^^^Bthematically  necessary,  but  as  being  more  convenient  for  the 
F^^iresentation  of  certain  lines.     Thus,  for  example,  the  drawings 
nf  a  machine  usually  consist  of  three  projections  on  thrco  planes  at 
right  angles  to  each  other;  one  horizontal  (fAe  plaa),  and  the  other 
two  vertical  (the  elevatixmii).     Any  two  of  those  projections  are 
mathematically  sufficient  to  show  the  whole  dimensions  and  figure 
jL    of  the  machine;  and  from  any  two  the  third  can  be  couatructed; 
H  Imt  it  is  convenient,  for  purposes  of  measurement,  calculation,  and 
H.tt>u>tniction,  to  have  the  whole  three  projections. 
r      In  the  application  of  the  rules  about  to  be  stated  in  the  sequel 
of  this  Section,  the  two  planes  of  projection  may  be  held  to  repre- 
sent any  two  of  the  three  views  of  a  machine ;  and  the  axis  of 
lomection  will  then  have  the  directions  stated  in  the  following 

Vicwt  Repmenled  by  Ibi  PlaDCI  at  DlrecUon  of  UiB  All> 

ProJecHoo.  at  ProJseHon. 

Longitudinal  Elevation  and  Plan, ...LongitadinaL 

Longitudinal  and  Transverse  Elevations,.. ..Vertical. 
Plan  and  Transverse  Elevation, Transverse. 

Projections  of  figures  upon  planes  oblique  to  the  principal  planea 
I  «f  projection  may  be  used  for  special  purposes. 

SRCTioN  II, — Tracea  qf  Linos  and  Sur/acet. 

13.  By  a  Traca  ia  meant  the  intersection  of  a  line  with  a  snr- 
&ce,  or  of  one  surface  with  another.  The  trace  of  a  line  upon 
M  surface  is  a  point;  the  trace  of  one  surface  upon  another  is  a 
Une. 

In  descriptive  geometry  the  term  tracea  is  specially  employed, 

Kiirlicn  not  otherwise  specified,  to  denote  the  intersections  of  a  line 

r  surface  with  the  planes  of  projection. 

H.  Traces  aT  a  Mnliki  Llac.— The  position  of  a  tlraiglU  line  ia 

■^  determined  when  ita  traces  are  known.     For  example, 

^  t  line  A  C,  in  fig.  2,  has  its  position  completely  deter- 

1  k^  its  txvxa,  A  and  C,  being  the  pointa  where  it.  cute  \^ 


I 
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dicolartoXX,  cuttingABiD  G;  A  G  will  be  the  other  pngMAioB 
of  the  given  distance. 

Another  method  of  finding  G  ia  to  lay  off  A  G  =  hf. 

21 .  ClTca  (in  fig.  4),  Ike  Pnj«tcU*u,  a  b,  A  6,  cf  «  Stnisbi  tJmr. 
M  FlB<  Ihfl  Angle  Hkick  U  wnbBa  wnh  Omt  «r  tk*  PIbbcb  m€  Ptv 

JcwtiBB  (for  example,  the  horizontal  plane). — Perform  the  conatnic- 
tion  described  in  Article  1 9 ;  then  dea  is  the  angle  made  by  the 
given  line  with  the  horizontal  plane.  The  Bame  conatraction 
ptrformed  in  the  horizontal  plane  of  projection  will  give  the  an^e 
made  by  the  given  line  with  the  vertical  plane  of  projection, 

22.  CttCB  (in  fig.  5),  Ike  PnjMtlsiu.  a  b  ud  A  B,  a  C  vt*  A  C, 
•f  •  Pair  ar  BtnlBht  Lluu  wkiek  iHUncci  tark  Mbcr  !■  ikc  PclM 
wk*M  Pnicfllaas  arc  n,  A,  ■•  Ab4  (kc  Aaglc  kTtwMm  Ihsw  K-lam.— 

In  either  of  the  pknea  of  projection  (for  example,  the  vertiat 


plane)  find  the  pointe,  d,  e,  where  the  projectiona  of  the  given  Ii 
cot  the  axiH  X  X ;  these  will  be  abo  the  vertical  projections  of  tl 
horizontal  traces  of  the  lines.  Through  «  and  d  draw  e  E,  rf  D, 
porprodicnlar  to  X  X.  cutting  A  C  and  A  B  in  E  and  D  respec- 
tively ;  th«w  points  will  be  the  horizontal  traces  of  the  lines.  Join 
D  E  (which  wilt  be  the  horizontal  trace  of  the  plane  containing 
the  linM).  and  on  it  let  fall  the  perpendicular  F  A-  Join  A  a 
(which  of  counio  is  perpendicular  to  X  X);  let  it  cut  X  X  in  G. 
Make  G/=  A  F,  md  join  af.  In  F  A  produced.  t*kc  F  H  =  o/; 
join  H  E.  H  D;  E  H  D  will  be  the  angle  required, 

RMABt— Thft  triangle   E  H  D   is  the   mAoftnent  upon  the 

horisDUtal   pUae  of  tlie  triangle  whoee   projections  are  BAD 

^«ad  tad.  ,.,^^_ 


example,  £  A)  take  aoy  coovenieat  point.  A,  from  vhich 
A  D  perpendicular  to  X  X  i  and  on  B  D  aa  a  diamater  dea 
cdrcle.     From  D  let  Ikll  pcrpeDdiciilars,  D  e,  D  F,  on  ^e  two 
tnice&     From  Um 


ckMM 

Em 


posite  trace  to  tliat  on 
which  the  \xiiat  A  wai 
assumed,  let  fall  e  E  pei^ 
pendicnlar  to  X  X ;  join 
E  A,  cutting  D  F  in  O. 
Fi-om  G  draw  G  H  per- 
pendicular to  X  X,  cut- 
ting the  circle  in  H: 
D  B  H  wiU  be  the  re- 
quired angle. 

26.   CiiTc.   (in  fig.  7), 

■kc  rtmm  ■<-  ■  Phan 
B  A,  B  C,  I*  Dnw  ibr 
TrHce*  at  aaatkcr  rlBM- 
which  >hnll  be  Pandlrl  ■■ 


ram  II  !■  elibcr 
loH. — Complete  the 
construction  described  in 
Article  25.  Join  D  H 
(tliia  represents  the  perpendicular  distance  of  the  point  D  in 
the  axis  from  the  given  plane);  then  from  H,  along  H  J)  (or 
along  D  H  produced,  according  to  the  direction  in  which  th* 
new  plnnc  is  to  lie),  lay  olF  the  ^ven  (wrpendicular  distance 
between  the  planes,  H  K,  From  K  draw  K  M  parallel  to  H  B, 
cutting  X  X  in  M.  From  M  draw  M  N  parallel  to  B  C,  and 
M  L  parallel  to  B  A;  these  will  be  the  trac«8  of  the  pla&e 
required. 

Or  otherwiae: — Complete  the  construction  described  in  Artide 
24  (see  fig,  S).  A/  is  the  rabutment  of  the  intersectiou  of  tbe 
given  plane  with  a  plane,  A  D  e,  perpendicular  to  the  ver- 
tical trace  B  C.  Through  A  draw  A  M  perpvudiculnr  to  A/, 
and  make  A  M  equal  to  the  given  distance  between  the  plana; 
<Iraw  U  N  parallel  to  A/  cutting  X  X  in  N  In  D  e  prodttced 
toko  D  O  equal  to  D  N.  O  is  a  point  iu  the  trace  of  the  pbae 
required.  Through  O  draw  O  P  parallel  to  B  C,  cutting  X  X  in 
P;  and  through  P  draw  P  Q  parallel  toBA.  OPQiathe  pkne 
required. 

27.  OlTM  CmSg.9),thr  Tnic«*rTw*  Pl..«,  C  A.dmm*CIt4. 

—The  tnoea  of 


Iim.ES   RELATING  TO   PLACES. 


li&A  an  C  and  d,  wkere  the  traces  of  the   gnm 
«1     YtOBt  those  points  respectiTdj  let  GtH  C  e  asd 


s  wttmm  (the  Inees  of  the  Une  and  of 
the  ptaae  being  pTen),  it  n  onlj 
■eee^My  to  dnw  the  tnots  of  two 
ykBf  tnnniiq  the  ffnn  li»e  ■■ 
«nn«Bien>  finotioa^  and  find  the 
pnjeetiMM  of  Oe  Smb  n -wl '  ' 
two  pknea  cak  the  gircn  p 

i  ofOoM  pnjeetMraa  win 


.  C»  %  10),  *- 


aBOMETKT  OF  HACHINEKT. 

d  tha  AM)*  w>iFMn  ttcw.— From  either  of  the  intersectioni 


of  thetmcea  (say  cQ  let  fall  dH  perpendicular  to  XX;  draw  D(^ 
joining  D  with  the  other  interaection  of  the  traces.  Thronj^  trq 
convenient  point,  I,  in  D  0,  draw  Q  I  H  perpeudicnlar  to  D  <!^ 


Fig.  10. 

ontting  ACinOandBCinH:  Along  X  X  lay  off  D  E  =  D  0, 
and  D  i  =  D  I;  join  d  E  (this  will  be  the  length  of  the  Iin«  of 
intersectioD  of  the  planes).  From  i  let  fall  t  i  perpendicnlar  to 
d'E;  in  I  C  take  IE  =  t;t;  join  EG,  XH;  O  E  H  will  be  the 
angle  required. 

When  the  tiaoes  of  the  two  given  planes  are  inoonTenientlj' 
placed  for  the  oompletton  of  the  figure,  we  may  Babetitnt«  for  eidier 
pair  of  traces  another  pair  of  traoes  parallel  to  them,  and  mon 
oonvenieDtly  placed. 

30.  CIlT^  (infig.  10),  the  TnieH,  A  d  MM  A  C,  mtm  MaMiah* 


Traam  W  ■  Plua  wUck  ahBD  Cn  A*  gttMk  Hum  !■  thM  I^  M 

B  giraa  amsU. — From  either  of  the  traces  of  the  Btraight  line,  u  4 
let  &11  (j  D  perpendicular  to  X  X ;  draw  the  stiai^t  lins  D  C^ 
joining  D  with  the  other  trace,  C,  of  the  straight  lin&  llutnigk 
anj  oonvenient  point,  I,  in  D  C,  draw  I  O  perpendicular  to  D  G^ 
cutting  C  A  in  G.  In  X  X  lay  off  D  £  ■=  D  C  and  Dt  <>  D  X} 
join  d  E,  and  on  it  let  fall  the  perpendicular  i  k.  In  I  0  tab 
I  E  c:  t  i;  join  E  G.  Then  draw  K  H,  making  G  E  H  »  th*  | 
given  angle,  and  cutting  G  I,  produoed  if  neceuary,  in  H.  Diav  < 
0  H.  cutting  X  X  in  ^  and  join  B  d;  thcM  will  be  tlM  tnma  of ' 
tiM  plane  required. 


31.  <Um  (in  fig.  11),  aw  Tneo  •€  *  Plue.  A  B  C,  »<  (he 
^■^■.i.H»»«  •r  •  r«l«t,  G,  Jf,  la  I>nw  Ike  Tnxn  mt  b  PUae  Trm- 
g^^lMg  ikr  cInB  P*liit.>B4  ranllrl  M  Ike  slrra  Plaac— Through 

atber  of  the  projectioDS  of  the  given  point  (say  G)  draw  G  H 
MralM  to  the  coimponding  trace  of  the  given  plane,  and  cutting 
X^X  in  H.  (This  will  be  one  of  the  projection?  of  a  line  through 
the    ^ven  point,  parallel  to  the  trace  A  B  of  the  given  plane.) 


Fig.  11. 

lliToagh  H  draw  H  D  perpendicular  to  X  X ;  and  through  g  Jraw 
If  D  parallel  to  X  X,  cuUing  H  D  in  D  (j  D  will  bo  the  projection 
and  D  one  of  the  tiaces  of  the  Hoe  before  mentioned).  Through 
D  draw  D  E  parallel  to  C  B,  cutting  X  X  in  E;  and  through  E 
di«w  E  F  parallel  to  B  A;  D  E  F  wiU  be  the  traces  of  the 
nqoired  plane. 

32.  «tnm.  Om  Ti«*a  mf  a  PlaH.  E  F,  E  D  (in  6g.  1 1),  a»l  Oac 
riajmna  *t  ■  Pal«  la  ihai  Plaac   M   Flad    iht  aihir  PrajMrllaM 

•r  i^u  Pata<- — Suppose  g,  the  vertical  projection  of  the  point,  to 
be  p-na.  Draw  g  D  parallel  to  X  X,  cutting  E  D  in  D.  From 
D  let  fcll  D  H  perpendicular  to  X  X  From  g  draw  g  G  perpen- 
diealar  to  X  X,  and  from  U  draw  H  G  parallel  to  E  F;  the 
intcraection  of  those  lines,  G,  will  be  the  required  horizontal  pro- 
jeetioD  of  the  given  point. 

33.  «mB  (in  fig.  13),  Um  Tncu,  A  B  C,  ar  a  Plur.  umi  ihc 
Pi  aja ««!■■■■  D,d,mfm  Palal.  la  Draw  ihc  PrajrcUaa*  »T  a  Prrr«>- 
«todBa  ta*  ■■■■    Craa*   Ike   Polal  aa    ikc    PUar.— From    one  of  the 

prajcctiona  of  the  given  point  (say  D)  draw  D  E  F  perpendicular 

>  tine  cont^Mnding  trace,  B  A,  of  the  given  plane,  and  cutting 

'  '    \tadX  X  in  F,     From  £  let  fall  E  0  perpeniUt  '      ' 
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X  X;  fiom  F  draw  F/  perpenilicular  to  X  X.  cutdng  th*  taea  1 
B  C  in  y;  join^^;  foam  ^  dnw  </  jr  perpendicular  to  B  C,  cuttiag 
£  ye  in  ^;  and  from  g  draw  y  G 

perpeudiculAT  to  X  X,  cnttav 
DFinG.  DOandJ^wi 
be  the  projoctiom  of  the  f» 
peadicnlkr  nquired. 

34.  Glrr.  (in  fig.  1 3).  (M.  rM 
lectlsam  of  n  PalBl,  I>,  d,  aai 
ihvH  af  n  Himlclii  K.lae,  A  ^ 
a  6,  ta  Dmw  Uip  Tn«ea  •(  ■ 
rbwe  nhtch  ■baU  Trmnnc  «< 
ralnl.  and   be    rntrrmMicmiar  m 

Uc  i-iac-Throngh  one  of  tfc 
pmjectiona  of  the  giTCD  pmnt 
(Eay  B)  draw  D  Q  perpendicolat 
to  A  B  (tlie  coTTCspoiidiDg  pc»- 
jectioD  of  the  given  line),  catting 
X  X  in  G.  Through  G  dww 
G  g  perpendicular  to  X  X ; 
through  d,  the  other  projectiaa 
of  the  point,  draw  <fy  parallel  to  X  X,  cutting  Gging;  thiov  ' 
dmw  E  C  perpendicular  to  a  6,  cutting  X  X  in  C ;  and  throu^_ 

draw  C  F  pcrpendieokr 
to  A  B.  E  C  P  wffl 
be  the  traces  of  th«  T^ 
quired  plane. 

'.i5.  GiTrfc  Ika  Vw 
jectiaiu  af  B  PMiH  mmd 
ar  a  (timlshl  IJhf,  m 
Draw    Ihe     PnjeeUa^ 


I  finally,  by  Article   ; 


iDteraectioD  of  those  two  planer 


Find  by  the  preceding 
rolo  the  traces  of  a 
plane  travcraing  tfae 
given  point,  and  per- 
pendicular to  the  giveu 
line;  then,  by  Article 
23,  find  the'traca  of 
a  plane  tnveraing  the 
givon  j>oiut  and  line; 
find   the   projection   of  the   line   of 


CQitXOX  PSBPEfSICULAH — CtSCLE. 


Ftm^  Iks  Pnfectlau  tf  ihdr  CaHHSB 

rmi^iriBTM  TTj-  Artiok  33  a,  find  tbe  toces  of  a  plane  tnrcis- 
hig  ooe  (tf  tbe  lines  and  partUel  to  tbe  other.  Then,  bj  Article  33, 
find  the  projectioDs  of  a  peipendicuUr  let  bll  on  tbat  plane  from 
■nj  ooaVAient  point  in  the  second  line.  Then  through  the  pro- 
jections of  the  foot  of  that  perpendicular  draw  tbe  projectiooa  of 
a  Etrsigfat  line  parallel  to  tbe  second  stisight  line;  these  will  cut 
the  projectioDS  of  the  first  straight  line  at  one  end  of  the  common 
perpendicular,  whose  projections  will  be  parallel  and  e<^ual  to  those 
of  the  perpendicBlar  already  found. 

36a.  rt»j»gi—  ars  cirdr. — When  an  instrament  which  dnws 
eDipees  wxtiTatJy  is  at  band,  it  may  be  used  for  the  ptirpoae  of 
drawing  tbe  projections  of  a  circle  of  a  given  radius,  described 
about  a  given  point  in  a  given  plane,  and  may  thus  facilitate 
mncb  the  solution  of  rarioua  problems.  The  following  is  the 
|»coccM  for  obtaining  tbe  projections  of  a  circle : — 

C*T«a  (in  %  14),  Ike  Tnn*  f  m  PUbc  ABC,  and  Um  r»- 
JiWI—  t  a  rMM  IB  ikM  Pine.  D,  d,  u  Unw  ikc  PnjMilMH  af 
a  CfcvlB  mt  •  Ktna  Ka4lBB>  rfocrlkMl  la  Ike  ilm  PUae  w(4  absal 
*•  ■»>«■  rika — For  tbe  vertical  projection,  describe  about  tt  a 
diele  of  the  given  radins,  df  =  de,  and  draw  the  diameter  ej 
parallel  to  the  trace 
C  B;  «/wai  itself  be 
tbo  vertical  projection 
of  one  diameter  of  the 
drde.  Druw  dg  per^ 
petxticnlar  to  t/.  Find, 
hj  Article  24,  the  angle 
whidi  tbe  given  plane 
maltea  with  tbe  vertical 
f^aae  of  projection,  and 
lay  oS  f  d  k  equal  to 
tbe  SBgle  so  found. 
From  A,  in  tbe  drd^ 
dnw  k  k  parallel  to/«^ 
and  cntttDg  d  g  in  k; 
\hm  <<  i  wiU  be  the 
rertkal  prajection  of 


Kg.  It 


mdiitt  of  the  circle  perpendicular  to  ef.  Then  on  the  major  axis, 
<f,  and  minor  aemi-axiti,  d  k,  describe  an  ellipee ;  tbat  ellipse  will 
fa«  the  required  vertical  projection  of  tbe  circle. 

Tbe  horisontal  projection  is  obtidned  by  a  precisely  similar 
pnoes,  the  role  of  Article  24  bring  now  used  to  find  tbe  angle 
wkttA  the  given  plane  makes  with  the  horizontal  [Jane  of  pn>- 

e  both  [oucbcd  3)'  B  pair  of  tangents,  K  nt^ 
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L  I,  perpendicular  to  X  X;  and  the  diameters,  Z  m,  L  M,  are  the 
projections  of  one  diameter  of  the  circle — ^viz.,  that  diameter 
m  which  theplane  A  B  C  is  cut  at  right  angles  by  a  plane  parallel 
to  X  X.  The  perpendicular  distance,  N  n,  between  the  two 
tangents  is  equal  to  the  diameter  of  the  circle  multiplied  by  the 
cosine  of  the  angle  which  the  given  plane  makes  with  X  X,  and 
is  bisected  by  the  line  D  (L 


Secttion  1. — General  Explanationa. 

Wwmtarx  nariag  Pieces,  PrlomrT  and  SeeanalaiT'.    (A.  M..  427.) 

\  frame  of  a  machine  is  a  structure  which  supporb  tlie  vvivvni] 
and  regulaten  the  path  or  kind  of  motion  of  most  of  thorn 
ly.  In  considering  the  movements  of  machines  mathemati- 
the  frame  is  considered  as  fixed,  and  the  motious  of  the 
ig  pieces  are  referred  to  it.  The  frame  itself  may  have  (as  in 
ae  of  a  ship  or  of  a  locomotive  eugioe)  a  motion  rehitively 
t  esrtb,  and  in  that  case  the  motions  of  the  moving  pieces 
rely  to  the  earth  are  the  reaiiltants  of  their  motions  relatively 
B  frame,  and  of  the  motion  of  the  frame  relatively  to  the 
;  but  iu  all  problems  of  pure  mechanism,  and  in  maiiy 
'ms  of  the  dynamics  of  machinery,  the  motion  of  the  frame 
rely  to  the  earth  does  not  require  to  be  cooaidercd. 
;  moving  pieces  may  be  distinguished  into  primary  and 
Uary;  the  former  being  those  which  are  directly  carried  by 
sme,  and  have  their  motion  wholly  guided  by  their  con- 
ic with  the  fi^me ;  and  the  latter,  those  which  ai«  carried  by 
moving  pieces,  or  which  have  their  motion  not  wholly  gnided 
tit  connection  with  the  framo.  For  example,  the  crank-shaft 
tie  piston-rod  of  a  st«am  engine  are  primary  moving  pieces; 
rbeeU  of  a  locomotive  are  primaty  moving  pieces;  the 
ptiiig-rod  of  a  steam  engine  is  a  secondary  moving  piece 
medon  are  those  secondary  moving  pieces,  such  as  links,  belts, 
\  And  chains,  which  transmit  motion  from  one  moving  piece 
other,  when  that  transmission  is  not  effected  by  immediate 

B«iriBvi  {A.  M.,  428,)  are  the  surfaces  of  contact  of  primary 
Ig  pieces  with  the  frame,  and  of  secondary  moving  pieces  with 
bcea  which  carry  them.  Bearings  guide  the  motions  of  the 
fwhicb  they  support,  and  their  tigitres  depend  on  the  nature 
■•  motiona.  The  bearings  of  a  piece  which  has  a  motion  of 
■tfon  in  a   straight  lino  must  have  plane  or  cylindrical* 
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Bnr&ces,  exactly  alraigid  in  the  direction  of  motion.  The 
of  rotating  pieces  must  have  Burl'acea  accuntelj  taruMl  to, 
of  reeiAiilion,  such  as  circular  cylinders,  spheres,  cones,  cono' 
flat  discs.  The  bearing  of  a  piece  whose  motion  is  helical, 
an  exact  screw.  Those  parts  of  mo\dng  pieces  which  toach  tu 
bearings  should  have  siu'fMces  accurately  fitting  those  of  tiw 
bearings.  They  may  be  distinguished  into  elides,  for  pieces  wfai^ 
move  in  straight  lines,  gudgeons,  joumalt,  bvsheg,  and  piooU,  fijr 
those  which  rotate,  and  acrews  for  those  which  move  helically. 

The  accnrate  formation  and  fitting  of  bearing  surfaces  is  of 
primary  importance    to    the    correct    and    efficient  working  of 

39.  Tkn   nsilOBB  ar  PrlmuT  SlBTlaB   Plc«*    {A    M.,    429,)   «• 

s^imiied  by  the  fact,  that  in  order  that  difft-rent  portions  of  »  par 
of  bearing  surfaces  may  accurately  fit  each  other  during  taor 
relative  motion,  those  surfaces  must  be  either  straight,  circular,  <r 
helical;  from  which  it  follows,  that  the  motions  in  question  can  b 
of  three  kinds  only,  viz. : — 

I.  StraigfU  trarulaticn,  or  shi/ling,  which  is  ncces-sarily  of  limited 
extent,  and  which,  if  the  motion  of  the  machine  ia  of  indefisite 
duration,  must  be  Teciprocadng ;  that  is  to  say,  must  take  pdan 
alternately  in  opposite  directions  :  for  example,  the  piston-rod  of  a 
Bteam  engine. 

II.  Simple  rotatiim,  or  turning  about  a  fixed  axis,  which  motioD 
siBiy  be  either  continuous  or  reciprocating,  being  called  in  the 
hitter  caao  gwinging,  rocking,  or  oscillation.  Continnous  rotation 
ia  exemplified  by  tbeshaft  of  asteam  engine;  reciprocating rotfttion 
by  varions  beams  or  levers. 

III.  Helieai  or  ecreio4ike  motion,  compounded  of  rotation  about 
a  fixed  axis,  and  translation  along  thut  axis. 

Sectiok  II. — StraiglU   Motion  of  Prinuiry  Piaoe*. 

40.  SniBki  TraaaUiiH  is  the  motion  of  a  primary  piece  sBding 
along  a  straight  guiding  surface.  All  the  particles  of  the  pieo# 
move  tbmugh  equal  distances  in  a  given  time,  along  parallel  straight 
linesi  and  the  line  joining  any  two  particles  remains  unalt«r«d  in 
length  and  in  direction. 

41.  BnvlaUoa    aiHl    C*«pHlilaB   nt  UladsBib— The    ratlUaia    of 

two  or  more  componaU  motions  is  the  motion  which  results  from 
tmtting  them  together.  If  the  comjMinent  motions  are  repreamted 
ny  straight  lines,  their  resultant  is  found  geometrically  by  joininx 
together,  end  to  end,  a  series  of  straight  tines  respectively  equal 
and  parallel  to  the  given  straight  lines,  and  jiointing  in  the  aamc 
directiona,  and  then  drawing  a  stroight  line  from  the  starting  poto: 
to  tbo  further  end  of  tlie  aerief.     For  example: —  _^^ 


Fn 


dnv  B  D  pnaUd  sad  equal  to  A  Q  M^  r*-*i-g  m  tk* 
neetion;  jcn  A  D;  Ak  viD  he 

rmd  II  ■■haul  ■■iJiiai  -  iV-  iti  nihrr  ? 


BiOete  the  pualUagnm,  A  B 
I>  C;  its  dkgoMl,  A  D,  viU  be  tlK  n- 


l£oM  m  Om  mm  a^m^  A  X  oarf  A  T. 

Tbo«^  D  dnw  D  C  iMnlU  to  X  A,  nittii^  A  T  in  C,  a 

puvlld  to  T  A,  eottiag  A  X  in  F     "  "       -    ■  ~     -- 


IIL(F^lfi.)r»r 

Tknwgh  A,  paaDd  to  tbe  gracn  d 
Afmw  A  X,  upon  whidi  let  &11  tlie  popca- 
^cdH  D  B;  tiMB  A  B  vm  be  Ibe  fiat  oT 
the  nqnnd  eoBpoMU^aad  A  C  mnlld 
K&d  e^  to  B  D  «m  be  the  ■eoood. 

IT.  Cton,  tfa  JnMBi  efa  ptame  (Aitiae 
15,  fuge  Q  mmd  &a  frefKliomi  tfa  mnigU 
Imm  w^pewilwji  «  t<iiew  (Artide  11.  pege  f».  is. 

tbe  nlaoT  Aitkb  31,  p*go  13,  dnv  the  lne»  of  a  aeeond  pkna 
|ioxalld  to  the  pns  pMne,  aad  bK*«niBg  the  poist  «ludi  repce- 
MBtaoMeadartheg^TcnBatin.  IWa  bjtheraleef  AitMde33, 
jap  13,  find  the  pngeetiou  «<  Hm  pefpeMficokr  ki  fid!  oa  the 
MMod  liliHti  &«■  the  ponk  nfwuttnig  the  other  cad  <£  the 
TlM  |»iHwiliiiihi  viU  be  eaa  of  the  nqsind 
d  theotaw^  Ine  fcvn  the  fint-OMatkoned  poiat 
air  (ho  pspcndknbr  vol  be  the  othcf^  Tbele^thoof 
!!]■■■  iiliiH,  the  T~-— *  motioiB  mmt  be  famid,  if 
leuuiiod,  vf  Aitxie  19,  F'V^  '' 

The  aa»pBBMt  «f  riM  kkHmq  [lualU  to  the  given  plane  i* 
tlkmrnmiy  ito  pojectiaH  en  that  ptene.     It  im  KwetiBea  called  the 
tmfmUM  tmifmtM,  ^A  the  eoBpoiicnt  popCMdieakr  to  the  ginn 
ptnt  Ae  nanaaf  eooipaMMl  ot  the  given  nwrion, 
T.  Gimt,  m  rwndtm»t  mtetim  ntd  am  ^  tm  nnaynwinr  w^tmm. 


I 


Is 
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motion;  tlie  resultant  of  these  two  will  be  the  required  other 
ponent  motion.  For  examyile,  in  fig.  13,  let  A  D  be  tli«  gina 
leaultant  motion,  and  A  B  the  given  component;  ilraw  D  C  e^Ml 
nnd  purallel  to  A  B,  And  pointing  the  opposite  w&j;  join  AC; 
tliia  will  be  the  required  other  component .  or  otherwise,  join  B  D 
ikod  rlrav  A  C  eqiinl  and  parallel  to  it 

VI.  (Fig.  17,)  Given,  the  x^ertieal  prnjicHon,  A  B,  and  t/U  Aen- 
tontal  projeclion,  A'  B',  of  a  »Craii/lit  Hue  representing  a  nwtioii.  1* 
reeoive  tliat  motion  into  three  rectangular  components  paralU  tni 
perpendicidar  to  Oie  jdaneg  of  projudion.  Let  O  X  be  the  Axit  rf 
projection  (Article  9,  page  4).     Draw  the  straight  lines  A  A',  B  K, 


!  >r-a  "irix^^- — — ■?= 


I 


Fifi.  17. 


ontting  the  axis  of  projection  (of  course  at  right  angles)  in  C  and  D. 
Then  tlirougli  any  convenient  point,  O,  in  the  aiia  of  projeotioo. 
diuw  the  straight  line  ZOY'  at  right  angles  to  that  axis;  and 
t«ke  O  Y'  to  represent  a  transverse  horizontal  axis,  and  0  Z  to 
represent  a  vertical  axis.  (The  point  O  is  called  the  origin.)  Then 
pamllel  to  X  O  draw  A'  E'  and  B'  F  to  meet  O  V',  and  A  O  aaJ 
II  H  to  meet  0  Z.  The  three  components  required  will  be  rept^ 
wnted  by  0  D.  E'  F.  and  G  H. 

yil.  Given  (in  fig.  17),  Me  wrticwf  projection.  A  B,  and  IJU 
liorttmUal  preyeelion,  A'  S,  o/a  straight  line  repreneiUing  a 
to  dtaw  a  third  projeeUon  of  the  »am»  straight  line  on  a 
trantverm  plana  of  projection  perpendicular  to  (A*  Jirnt  lux  pianti  tf 
pr^itwu.  OoDStnict  6g.  17  as  described  in  the  preceding  Rnlo. 
O  Z  and  O  Y'  wiJl  be  the  traces  of  the  third  plane  of  projectjotu 
Fnduoa  X  0  towwd*  T'j  then  0  Y'  will  represent  the  mbfttawot 
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of  O  Y',  and  Z  0  Y'  the  rabatment  of  the  vertical  tranavei-so 
]4ane  upon  the  vertica]  loDgitiidioal  plane  of  projection.  la  O  Y* 
bice  O  E"  =  O  E',  and  O  F'  =  O  F ;  drew  E"  A"  and  F'S"  parallel 
to  O  Z,  to  meet  A  G  and  B  II  produced  in  A"  and  B"  respectively ; 
join  A"  B';  thia  will  bo  the  projection  required. 

According  to  the  rule  alrouly  stated  in  Article  19,  page  7,  the 
motioa  of  which  A  B  and  A'  B'  are  the  projections  is  to  be  found 
by  waking  K  L  =  A'  B',  aod  joining  L  B,  which  line  will  repre- 
■ent  the  extent  of  the  resultant  motion. 

The  foUowing  are  the  relations  between  a  resultant  motion  and 
Hs  componenta  as  expressed  by  calculation.     In  fig.  15, — 


un  0  A  B  :  sin  C  i 


D: 


hD  AB::AD:AB:AC: 


I 


A  D»  =  A  B»  +  A  C  +  2  A  B  ■  A  C  ■  I 


laSg.  16, 
AB  = 


A  D    cobB  A  Dj  A  C  =  A  D-sin  B  A  D; 
A  D*  =  A  11'  +  A  C2, 


L  B»  =  C  D^  +  E'  pa 


om 


42.    Orlialira    RfMlMi    af    Tw*    Hcrlay    Plccv*. — All    motion    is 

nitktiTe :  thst  i*  to  say,  every  conceivable  motion  uousists  in  a. 
^»0g6  of  the  relative  position  of  two  or  more  points.  In  epeaking 
ti  the  inoCions  of  the  moving  pieces  of  machines,  mationa  relatively 
to  lA*  Jrame  are  always  to  be  nndcrstood,  unless  it  is  otherwise 
ifMicified.  It  ia  nften  requisite,  however,  to  exprem  the  motion  of 
a  point  in  k  moving  piece  relatively  to  a  point  in  the  same  or  in 
•jKrtlier  moving  piece. 

In  the  case  considered  in  the  present  section, 
{MWttioD  of  two  pointti  in  the  same  moving  piece 
not  only  h  to  distance  but  as  to  direction,  the  relati' 


the  relative 
s  unaltei-ed, 


b  «  Mir  of  points  is  noAtTig.  The  motion  of  one  moving  piece 
rrtativcly  to  another  is  determined  by  the  following  principle  i — Let 
P,  Q,  ami  It  denote  any  three  piiiiita;  then  the  motion  of  R 
reUtirdy  t«  P  is  the  resultant  of  the  motion  of  R  relatively  to  Q, 
eotsbined  with  the  motion  of  Q  relatively  to  P;  ao  that  if  the 
motions  of  Q  relatively  to  P,  and  of  R  relatively  to  P  ore  given, 
tbp  motion  of  R  relatively  to  Q  is  to  be  found  according  to  Ride 
V,  of  the  preceding  Article,  by  compouniling  with  the  motion  of  R 
3l  >rtilirely  to  P  a  motion  equal  and  o]i|joHite  to  that  of  Q  relatively 
For  example,  let  P  stand  for  the  frame  of  a  machine.  amV 
R  for  two  moviDf  pieces  which  slide  along  Btraigbt  guideB ; 
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and  in  a  firm  interrsl  of  time  let  A  B,  in  fig.  15,  psge  19,  rene- 
sent  tbe  motioa  of  Q  relatively  to  P,  and  A  D  the  motjoii  erf  S 
relatively  to  P;  then  A  C,  found  by  Rule  V.  of  Article  41,  will 
represent  tfae  motion  of  R  relatively  to  Q. 

In  all  cases  whatsoever  of  relative  motion  of  two  bodies,  tht 
motion  of  one  relatively  to  the  other  is  exactly  equal  and 
contrary  to  that  of  the  second  relatively  to  the  first.  For  example, 
let  P  and  Q  be  two  points;  and  when  P  is  treated  as  fixed,  lot  Q 
move  through  a  given  distance  in  a  given  directioa  relMavely  ta  F; 
then  if  Q  is  treated  as  fixed,  P  moves  throagh  the  oune  diitancf 
in  the  contrary  directioa  relatively  to  Q. 

43.  CMBpuatiTB  3iMiaB  (A.  M.,  358,)  is  the  relation  bonie  to  eadi 
other  by  the  simultaneous  motions  of  two  points,  either  id  Uie  same 
body  or  iu  difierent  bodies,  relatively  to  one  and  tbe  same  fixed  point 
orbody.  It  coneistaof  two  elements;  the i7<tfon'ft/-ra<M,  which  is  tba 
proportion  borne  to  each  other  by  the  distances  moved  throu^  \ij 
the  two  points  in  the  same  interval  of  time;  and  the  tHrtetiom^ 
relation,  which  is  the  relation  between  the  directions  la  which  Um 
two  poinU  are  moving  at  the  same  inistunt 

In  the  ca^e  of  two  points  in  a  primary  piece  whose  motioa  ti 
one  of  translation,  the  velocity-ratio  is  that  of  equality,  and  tbt 
directional  relation  that  ot  ideality;  for  all  points  in  such  ft  foeea 
are  moving  with  equal  speed  in  parallel  directions  at  the  skme 
instant. 

When  two  jmints  in  two  different  pieces  are  compared,  the 
comparison  may  give  a  different  result.  For  example,  let  P,  ru 
before,  stand  fur  the  frame  of  a  machine,  and  Q  and  R  for  two 
moving  pieces;  and  while  Q  performs  relatively  to  P  the  motion 
reprenented  by  A  B  (fig.  15,  page  19),  let  R  perform  relatively  to 
P  the  motion  represented  by  A  D.  Then  the  tximjjaratiix  motimt 
tiS  R  and  Q  consists  of  the  following  elements : —  ^_ 

Al)  ^^1 

the  velocity-ratio,  -t'-d'  ^^| 

and  the  directional  relation,  represented  by  the  angle  BAD. 

Id  moot  of  the  cases  which  occur  in  mechanism  the  motion  of  each 
point  is  limited  to  two  directions— forward  or  backward — in  a  fixed 
jMth  ;  so  that  the  dirct^tionfll  relation  uf  two  points  may  often  be 
■ulUciently  cxpreuied  by  pretixing  the  sign  -H  or  —  to  their  vclocity- 
rntio,  according  as  their  motions  are  similar  or  contrary;  that  is, 
Ih*)  NJgn  ■*■  denotoa  that  those  motions  are  both  forward  or  both 
bMkward;  and  tbe  sign  —  that  one  is  forward  and  the  other 
iMkwwd 

Wa   may  oompaps    together   tin'   differi'nt   comjionciits   of   the 
ijHM  poiut,  and  the  rwdlant  motion.     For  axampl^  ia 
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15  ijul  16,  page  19,  the  Telocity-rat ioa  of  two  componeat 
ipaifld  with  their  resultaut,  are  exprodsed  by 
AB       ^  AC 
AD  ^""^  AD' 
I  ia  fig.  17,  page  20,  the  Telocity -rati  as  of  three  rectangular 
component  mutujaia,  aa  compared  with  their  resoltoat,  are  ex- 

OD  E'  F  GH 

kL  B'  L  B  ■  *"  L  B 
Btnctly  speaking,  the  principles  of  the  geometry  of  machinea,  or 
pure  mechanism,  are  coDcemed  with  coDipHi-ative  motions  only, 
•ad  not  with  absolute  velocities :  or,  in  other  words,  those  principles 
(date  to  the  motions  which  difTereut  moving  points  perform  in  the 
tooao  of  the  same  ioterral  of  time,  but  not  to  the  length  of  tbo 
vml  of  time  in  which  such  motions  are  performed.  For 
ipio,  iu  the  case  of  a  direct-acting  steam  engine,  the  principles 
t  pure  mechanism  show  that  the  piston  makes  one  double  stroke 
~r«Ach  revolution  of  the  crank;  that  the  directional  relation  of 
e  |iiBton  and  crauk-pin  vai-ies  periodically,  the  pbtoa  moving  to 
and  fro,  while  the  crank-pin  moves  continuously  round  in  a  circle; 
and  that  in  particular  positions  of  those  pieces  their  velocity-ratio 
Uk*)!  particular  values;  but  the  question  of  what  interval  of  time 
ia  oocupi«l  by  a  tevolutioo,  or  of  how  many  revolutions  are  per- 
totmod  m  n  minute,  belongs  not  to  the  geometry,  but  to  the 
dynKtnioft  of  machines.  Furtber,  in  the  case  of  a  pair  of  spur 
I4  gearing  into  each  other,  tlie  princijiles  of  pure  mechanism 
r  tittt  in  any  given  interv^  of  time  the  numbers  of  revolutions 
lod  by  those  wheels  respectively  ai-e  inversely  as  their 
V  of  teeth,  and  that  the  directions  in  which  they  turn  are 
j;  but  those  principles  do  not  inform  us  bow  many  revolu- 
•  cither  wheel  makea  in  a  minute. 

IH  aad  WhUbs  FcJbi. — The  term  driving  point 
ft«Md  to  denote  that  point,  either  in  a  whole  machine  or  in  a 
a  moving  piece  of  a  machine,  where  the  force  ia  applied  that 
■  the  motion;  and  the  term  tDorking  jmiid  is  used  to  denote 
Um  point  where  the  useful  work  is  done.  These  explanations 
ooataJD  niferences  to  the  dynamics  of  machines;  but  it  is  to  be 
aadnKtood  that  in  the  geomotiy  of  machines,  or  pure  mechauism, 
it  i*  tb«  e«mfaratvve  motion  only  of  the  driving  point  and  working 
paint  thu  is  token  into  conaideration.  It  ia  to  be  observed,  too, 
Uut  ibe  word  "paint"  is  here  taken  in  an  extended  meaning;  for 
llw  extotion  of  force  or  commualcation  of  motion  at  a  mathematical 
peiot,  of  no  seoaible  magnitude,  ia  purely  ideal ;  and  when  the  word 
1  vitrb  rolerenoe  to  the  driviug  or  the  work  of  mactattoa. 
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it  is  to  be  held  to  roean  the  place  where  the  action  that  driTccoc 
that  resiits  a  machine  is  exerted,  of  vbat  magnitude  soever  tbtt 
place  may  be,  whether  a  surface  or  a  volame.  Thus,  tfae  driviDg 
point  in  a  steam  engine  comprehends  the  whule  surfxce  of  thp 
piston  that  is  pressed  upon  by  the  steam  which  drives  the  enginv; 
and  the  working  point,  where  friction  is  overcome,  cotnpreheDd* 
the  whole  of  the  rubbing  surface,  and  where  a  heavy  body  is  lifted, 
the  whole  volume  of  that  body.  Nevertheless,  for  tJie  sake  of  con- 
venience in  mathematical  investigation,  such  places  of  the  action  of 
driving  or  resisting  forces  are  often  treated  on  ihc  supposition  that 
they  may  be  repreuented  by  single  points ;  for  when  such  points  are 
properly  chosen,  no  error  is  incurred  by  making  that  Buppoaidon. 

Section  III. — Sotalit/n  of  Primari/  Pieeea. 

i5.  iiM«i«m  or  »  Primarr  Pi«fh  (.1.  Sf.,  370-372.)— Aotottmar 
Turning  is  the  motion  of  a  rigid  body  when  lines  in  it  change  thsir 
directions;  and  it  is  the  only  kind  of  motion  involving  change  of  tbe 
relative  positions  of  the  particles  of  a  body  that  is  possible  conaiatently 
with  rigidity;  that  is  to  say,  with  the  maintenance  of  tfae  ditttent* 
between  every  i>air  of  particles  in  tbe  body  unchanged.  An  axit  rf 
rotaiion  is  a  line  in  a  rigid  body  whose  direction  is  unchanged  by  the 
rotation;  anda^ei^aK)«<>/'rofa/i'('ni3a  line  whose  position,  as  well  as 
its  direction,  is  unchanged  by  the  rotation.  Every  line  in  a  rotating 
body  which  is  parallel  to  tbe  axis  has  its  direction  unchanged  hj 
tbe  rotation.  The  rotation  of  a  primary  piece  in  a  macfaine  always 
takes  place  about  an  axis  that  is  fixed  relatively  to  tfae  frame  of  tfae 
machine;  that  axis  being  the  geometrical  axis,  or  centre  line,  of  a 
bearing  surface  (such  as  that  of  the  journals  or  gudgeons  of  a  shaft), 
whoM  form  is  that  either  of  a  circular  cylinder  or  of  some  other 
surface  of  revolution  The  plane  ofmlatian  is  any  piano  perpm- 
dicolar  to  the  axis.  £very  sucfa  plane  in  a  rotating  body  has  its 
position  unchanged  by  the  rotation;  and  straight  lines  in  sucfa  > 
plane — that  is,  stwight  lines  p<!rpendicular  to  the  axis  of  mtation — 
change  their  directions  more  rapidly  than  any  other  straight  lines 
in  ihti  same  body. 

4G.  aitecd  »t  bmmIvb.  {A.  3f.,  373.) — Although  in  the  case  of 
rotation,  as  well  as  in  that  of  translation,  the  principles  of  purv 
mechanism  are  concerned  with  comparative  velocities  only,  still 
it  is  deaiisble  here  to  state,  that  the  speed  with  which  a  rotating 
body  turns  is  expressed  in  two  different  waya  For  roost  practical 
purpowts  it  is  iisitally  stated  in  turns  and  fractions  of  a  turn  in  some 
convenient  unit  of  time;  such  as  a  second,  or  (more  oimmonly)a 
minute.  For  scientilic  purposes,  and  for  some  jiractical  purpooea 
also,  it  is  expressed  in  angiitar  t^ocity;  which  meaus,  the  angle 
■wept  tfanmgh  in  a  Moond  by  a  line  perpendicular  to  the  taam,  ft. 
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rotation :  that  angle  being  stated  in  circular  meature;  which 
means  the  ratio  of  the  length  of  the  arc  sobtended  by  an  angle  to 
the  radius  of  that  arc.  The  following  arc  examples  of  the  values 
uf  angles  in  circular  measure : — 

One  degree 0-0174533  nearly; 

^r^i.-i;'!'.."..':':')'"'^-"' = ff|ve,„»„y. 

Hence,  to  coneerf  lumi  per  tecond  into  atiffuiar  vdocUy,  multiply  by 
-:  6'2832  neatly;  and  to  convert  angvlar  vdoeitij  into  tv,m» per 

•awn*/,  multiply  by  ^-r-   =  0-159155 nearly.     "Retime of revolrUion 

in  seconds  is  the  reciprocal  of  the  speed  expressed  in  turns  per 
•ecood.  The  comparative  gpeed  or  angular  velocitij-ratio  of  two 
nvtating  pieces  is  independent  of  the  kind  of  imit  in  which  their 
ataolute  speeds  may  be  expressed;  it  is  the  reciprocal  of  the  ratio 
of  their  times  jf  revolution. 

47.    ■»MH«a    la    CaBBaa    w    all    PmU    mf  Ifee    TanlBS    BmIt. 

{A.  M.,  375.) — Since  the  angular  motion  of  rotation  consists  in  the 
change  of  direction  of  a  line  in  a  plane  of  rotation,  and  since  that 
diango  of  direction  is  the  same  how  short  soever  the  line  may  be, 
it  is  evident  that  the  condition  of  rotation,  like  that  of  translation, 
ia  common  to  every  purticle,  how  small  soever,  of  the  tnming  rigid 
body,  and  that  the  angular  velocity  of  tnming  of  each  particle,  how 
■mall  soever,  is  the  aame  with  that  of  the  entire  body.  This  ia 
otherwise  evident,  by  cnnsidering  that  each  part  into  which  a  rigid 
body  can  be  divided  turns  completely  about  in  the  same  time  with 
rvery  other  part,  and  with  the  entire  body,  and  makes  the  same 
nnmber  of  turns  in  a  second,  or  a  minute,  or  any  other  interval 

4&  Biffei  ud  I«n-B«d«l  BMBiiH.  {A,  M.,  376.)— The  direeCion 
of  rotation  round  a  given  axis  is  distinguished  in  an  arbitrary 
maimer  into  riglU-handed  and  lefX-kanded.  One  end  of  the  axis  is 
choaen  >■  that  from  which  an  obeen-er  is  supposed  to  look  along 
the  direction  of  the  axis  towards  the  rotating  body.  Then  if  the 
body  wems  to  tJie  observer  to  turn  in  the  same  direction  in  which 
the  sun  ieem^  to  revolve  to  an  observer  north  of  the  tropics,  the 
rotation  ia  said  to  be  right-handed;  if  in  the  contrary  direction, 
Uji-handtd;  and  it  is  usual  to  connider  the  angular  velocity  of 
n  to  be  poutiTt^  and  that  of  kft-handel  wAar 
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tion  to  be  negative;  but  this  is  a  matter  of  oooTenirace.  It  ii 
obvious  that  tbe  sajae  rotation  which  seenia  right-handed  wha 
looked  at  from  one  end  of  the  axiii,  aeems  left-banded  whiui  looked 
at  from  the  other  tad.  In  fig  18,  the  arrow  R  r^ncseote  righl- 
handed  rotiition,  and  the  arrow  L 
left-handed  rotation.  When  a 
bodj  oscUlales  about  an  axis  its 
rotation  is  alternately  right- handed  | 
and  left-handed. 

49.   Tranilallsa  sf  a  Pain!  In  ■ 
B«tBiinB    Flees.   {A.     M.,     377.) — 

!Each   point  in   a.  rotating   piece 

(except  those  situated  in  the  axb) 

haa  a  motion  of  reixdution — that  is,  tranglaiion  in  a  cimtlarpoA, 

round  the  axis  of  rotation ;  and  the  velocity  of  that  tnuislatiioa  ii 

the  product  of  the  perpendicular  distance  of  the  point  from  tb* 

axis — that  is,  the  radius  of  the  circaltir  path,  into  the  aognltf 

Telocity  of  rotation  (Article  46,  page  24).     Thus,  in  fig.  19,  lettl 


-^J 


Fig.   IS. 


surface  of  the  paper  represent  a  plane  of  rotation ;  let  O  be  Kt  01 
the  trace  and  tlie  projection  of  the  axis  of  rotation  on  that  f 
and  A  the  projection  of  a  point  in  the  rotating  piece  under  o 
md«ntion.     Then  the  motion  of  that  point  (and  of  its  projeciioa 
A),  takes  place  in  a  circle  of  the  ntdius  O  A;  and  if  A  A'  be  tlM 
arc  dcMcribed  in  a  second,  then 


A  A'  =  O  A  > 


angnlar  velocity 


•»  1 

:  nn^tiir  vtlocity ;  ^M 

'  iT^  '  (■<>i"ber  of  turns  per  aceond^^l 
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1  wilaeitif  at  a  fietn  inelant  of  a  point  vliioh  mavoa  in  a  carve, 

nbed  from  tfae  arc  traced  in  a  second  6p  that  point,  is 

I  I7  B  straight  line  equal  in  length  to   that  arc,   and 

B  tbe  direction  in  which  the  point  is  moving  at  the  given 

int;  Hai  i»  to  say,  being  a  tangent  to  the  path  of  the  point  at 

t  inst*nt.     Therefore,  to  represeat  by  a  straight  line  the  velocity 

#t!ie  poiot  DOW  in  question  at  the  instant  when  its  projection  is 

.  *  A,  draw  A  a  perpendicular  to  O  A,  and  equal  in  lenytii  to  A  A' 

(=  O  A  X  angular  velocity), 

50.  oiMiaB  at  m  Pun  sf  ■  BmsUbb  PiMe, — When  what  has  JQst 
been  explained  is  considered  together  with  the  statement  in  Article 
47,  it  )■  CHnly  seen,  that  if  the  centre  of  any  part  of  a  moving 
|ii«e«  rotating  about  a  fixed  axis  is  situated  in  that  axis,  then  the 
motiofi  of  that  part  ia  simply  a  rotation  similar  and  equal  to  that 
ct  tbo  whole  piece;  but  if  the  ceuti-e  of  the  part  ia  tdtuatcd  at  a 
<lii<»i>ce,  O  A,  from  that  axis,  the  motion  of  that  part  consists  of  a 
Iramtlalion  of  iu  cenlre,  with  the  velocity  0  A  x  the  angular 
nloeity,  in  a  circle  described  about  the  fixed  axis  with  the  radius 
O  A,  eomhineil  with  a  rotation  similar  and  equal  to  that  of  the 
whole  piece,  about  a  taoving  axis  traversing  A,  and  parallel  to  the 
fixed  axis  wluck  traverses  O.  Consider,  for  example,  that  rotating 
pMcc  ia  n  steam  engine  which  consists  of  the  shaft,  crank,  and 
cnmk-inD.  and  which  turns  about  the  axis  of  the  shaft,  as  a  fixed 
axis  or  rotation,  U>  which  the  axis  of  the  crank-pin  ia  parallel 
Tka  the  motion  of  the  shall  consists  simply  in  a  rotation  about 
iti  oiwB  aads;  while  the  motion  of  the  crank-pin  consists  in  a 
tnatlation  of  its  centre,  and  of  each  point  in  its  axis,  in  a  circular 
|«th  dewribed  about  the  axis  of  the  shaft,  combined  with  a  rota- 
tioa  abont  ita  own  moving  axis  similar  and  equal  to  that  of  the 
■haft.  Aa  an  additional  illustration,  suppose  one  end  of  a  cord  to 
b«  baU  aliU,  and  the  other  to  be  attached  to  a.  book  which  is  fixed 
at  tha  centra  of  a  rotating  wheel,  and  which  therefore  rotates 
along  with  and  as  part  of  the  wheel.  The  cord  will  undergo  one 
twiat  tar  ewh  turn  of  the  wheel  Now  let  the  hook  be  removed 
from  tbe  centre,  and  fixed  at  any  point  in  an  arm  of  the  wheel,  or 
is  Ha  rim;  the  cord  will  still  undergo  one  twist,  neither  more  nor 
laaa,  (or  web  turn  of  the  wheel ;  thus  showing,  as  before,  the  effect 
of  tbe  rotation  of  the  hook  along  with  the  wheel ;  and  the  only 
diflnvM*  io  the  motion  will  be  that  the  end  of  the  cord  attached 
[^Iptliv  book  will  be  carried  round  in  a  circle,  at  the  same  time  that 
9  whola  cord  is  twixtcd.  A  teeondary  piece  in  a  machine  may 
jpaa  matrivad  as  to  have  translation  in  a  cirale  or  some  other 
I  without  rotation;  this  will  be  considered  in  a  later 
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qneations  in  mecbanisni,  there  is  frequent  occasion  to  measare  tie 
lengths  of  circular  arcs,  and  to  lay  off  circular  arcs  of  given  Imigibi. 
These  processes  may  be  perfiiriaed  by  the  help  of  calcaUtion,  ud 
of  the  well-known  appi-osiniate  values  of  the  ratio  which  the 
radius  and  the  circamfereuce  of  a,  circle  bear  to  each  other,  rii: — 


Mimference       710 


circnuiference 


"  710 


nearly  =  6-283185  oearly; 
nearly  =  0-159155  nearly; 


bnt  it  in  often  much  more  canvcDtent  in  practice  to  proceed  t? 
drawing;  and  then  the  following  rulea  are  the  most  accurate  jrt 

I.  (Fig.  22.)  To  draw  a  etrau/IU  line  approximattit/  equal  to  m 

given  circular  are,  A  B.    Draw  the  stra^^ 

chord   B  A;   produce  A  to   C,    uui^f 

A  C  =  i  B  A;  about  C,  with  the  ladin 

-..^     C  B  =  ABA,  di-aw  a  circle ;  then  dt»w  the 

<'■   straight  line  A  D,  touching  the  given  an 

Fig.  Si.  in  A,  and  meeting  the  laat-nientioned  eiida 

inD;  AD  will  be  the  straight  line  reqnind. 

The  error  of  this  rule  consists  in  the  straight  line  being  ■  litUt 

shorter  than  tho  arc  :    in  fractions  of  the  length  of  the  arc,  it  ia 

about  j^i,  for  an  arc  equal  in  length  to  its  own  radius;  and  it 

varies  as  the  foui'th  |X)«-er  of  the  angle  subtended  by  the  arc;  to 

that  it  may  be  diminished  to  any  required  extent  by  subdividing 

tho  arc  to  be  meanurcd  by  means  nf  biscctiona     For  example,  in 

drawing  a  straight  1)U(^  approximately  equal  to  an  arc  subtendici; 

60°,  the  error  is  about  ,i(,  of  the  length  of  the  arc;  divide  the  arc 

into  two  arcs,  each  subtending  30°;  draw  a  straight  line  apfiroxi- 


lately  equal  1 


of  these,  and  double  it;  the  error  will  be 
n-duced  to  orte-itirteenlli  of  its  former  amount; 
tliutis,  to  about  Tiltni  of  the  length  of  the  arc. 
Thu  greatest  angular  extent  of  the  arcs  to 
which  the  rule  in  applied  should  be  limited 
in  each  caae  accoi-ding  to  the  degree  of 
precision  required  in  the  drawing. 

II.  (Fig.  23.)  To  draw  a  straight  lint 
apftroximaidii  equal  to  a  ginen  eircular  art, 
A  B.  (Another  Method.)  Let  C  be  Iho 
centre  of  the  arc.  Biaeut  the  arc  A  B  in  0, 
and  the  arc  A  D  in  E;  draw  the  straight 
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»nt  C  E  F,  and  the  strntght  tangent  A  F,  meeting  each  other 
I  F;  draw  the  straight  line  P  B;  then  a  straight  line  of  the 
tngtli  A  F  +  F  B  will  be  a])proximatety  equal  in  length  to  the 
B  A  B. 

ir  of  this  rale,  in  fractiona  of  the  length  of  the  are,  is  jttat 

'"•oe-fourth  of  the  error  of  Kule  I.,  but  in  the  contrary  direction  j 

ftnd  it  varies  as  the  fourth  power  of  the  angle  subtended  by  the  arc 

IIL  To  lay  off  upon  a  given  eircU  an  are  appraeimalelt/  equal  in 

Unylh  to  a  given  gtrnighl  line.     In  fig.  24,  let  A  D  be  part  of  the 

.  <ircumfereuoe  of  the  given  circle,  A  one  end  of    v. 

k'ibe  re(]uired  ax-a,  and  A  B  a  straight  line  of  the 

riireu  length,  drawn  so  as  to  touch  the  circle  at 

e  point  A.     In  A  B  take  A  C  =  i  A  B,  .ind 

rat  C,  with  the  radins  C  B  =  J  A  B,  draw  a 

c  B  D,  meeting  the  given  circle  in  D.  Fig,  £1. 

L  D  will  be  the  arc  required. 

'   The  error  of  this  rule,  in  fi-actioua  of  the  given  length,  is  the 
s  Uint  of  Rule  I.,  and  follows  the  same  law. 

■  IV,  (Fig.  '2A.)  To  drtuB  a  circular  are  vihiah  shall  be  approxi- 
ttly  equal  in  length  to  (/«  etraig/U  li-ne  A  B,  shaii  with  one  of  ia 
't  touch  that  straight  line  at  A,  and  ehaU  tublend  a  given  OTigte. 

I  A  B  take  A  0  =  j  A  B;  and  about  C,  with  the  radius  G  B 

■  j  A  B.  draw  a  circle,  B  D.  Draw  the  straight  line  A  D, 
■kiog  the  angle  B  A  D  =  one-half  of  the  given  angle,  and  meet- 
j  the  circle  B  D  in  D.  Then  D  will  be  the  other  end  of  the 
Homd  nrc,  which  may  bo  drawn  by  well-known  rules. 

error  of  this  rule,  in  fractions  of  the  given  length,  is  the 
ifith  that  of  Rules  I.  and  III.,  and  follows  the  same  law. 
.  To  divide  a  eireuiar  arc,  apprommatelj/,  into  any  required 
F  qf  equal  parts.     By  Bole  I,  or  II.,  draw  a  straight  line 
■oximately  equal  in  length  to  the  given  arc;  divide  that  straight 
e  inti>  the  required  number  of  equal  parts,  and  then  lay  off  upon 
I  given  arc,  by  Rule  III.,  an  arc  approxi mutely  equal  in  length 
one  nf  the  parts  of  the  straight  line, 
f  Sole  V.  becomes  nnneceasary  when  the  number  of  parts  is  2,  4, 

'  any  other  power  of  2 ;  for  then  the  required  division  can 

be  performed  exm-lli/  by  plane  geometiy. 

Vl.  To  divule  tlie  w/iole  drcum/erenre  of  a  circle  approxi- 
maUly  into  any  required  nttmber  of  equal  arcs.  When  the  required 
number  of  equal  arcs  is  any  one  of  the  following  numbers,  the 
diritdoD  can  be  made  exactly  by  jjlane  geometry,  and  the 
[iiii  lit  mil  ii  nut  luirlril  — any  power  of^;  3;  3  x  anypowerof 
2;  6;  S  ¥  any  power  of  2;  15;  15  x  any  power  of  2.*     In  other 

"  It  njay  be  enavenicnt  hero  to  state  the  method*  of  subdividing  ana  and 
wboie  cims  bjf  giikae  leoinetry.  {I.)  To  bvact  aay  circtdar  arc.  On 
the  cbord  of  llto  are  m  a  bu^  ainttmct  aoy  convenient  isosceles  trusgle. 
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of  the  pMMMB.  £et  tbe  nnaiber  cf  eqnl  MO  in  Uist  prelimuaiy 
drridaii  be  called  m.  Drride  oae  of  tbern,  bj  meuu  of  Ctole  T., 
into  (Im  lequied  Dmiber  of  eqml  |KTta;  n  times  one  of  tiboH 
pnta  win  be  ooe  of  the  reqaimd  eqaal  srb  into  wliich  tbe  «bde 
fiiiuaference  ie  to  be  divided. 

Boles  L,  HL,  and  T.,  are  applicable  to  ara  of  other  corra 
besides  the  drcle,  provided  the  ciuu)g«s  of  cur^-vtare  in  sncb  aia 
aiv  ■fpftll  and  nadn^ 

In  fig.  19,  page  26  (where  O,  as  already  explained,  is  at  nooe  tk 
projection  itnd  the  trace  i^  a  fixed  axis  of  rotation  on  a  |4as 
[Kipendicular  to  it,  and  A  tlie  projection  of  a  point  in  the  rntaring 
piece),  let  B  be  the  projection  of  aoother  point  in  the  rutatiiig  paee^ 
and  A  B  the  projection  of  tbe  straight  line  coniiectiDg  those  t*o 
points.  The  point  B  deacribes  a  circle  of  tbe  ndina  O  B  aboot  the 
fixed  axis;  and  the  radii  0  A  and  O  B  sweep  round  with  tlM 
angnlar  velocity  commoa  to  all  parts  of  tbe  rotating;  picd^  so  thai 
'  f  tbe  time  that  A  has  moved  to  the  position  A',  B  has  moved  to 
le  position  B',  such  that  tbe  angles  A  O  A'  and  BOB  are  eqnaL 
In  order  to  determine  the  motion  of  oda  of  those  moving  pointt 
(as  A)  relatively  to  tbe  other  (as  B),  it  is  to  be  considered  that, 
owing  to  the  rigidity  of  the  body,  the  length  of  A  B  is  invaziaUe, 
and  that  the  change  of  direction  of  that  line  (as  projected  on  the 
plane  of  rotation),  conaists  in  turning  in  a  given  time  through  an 
angle  eqnal  to  that  through  which  the  whole  piece  turns.  In  %. 
20,  take  B  to  represent  at  once  the  trace  and  the  projection,  on  a 
plane  of  rotation,  of  an  axis  parallel  to  the  fixed  axis,  and  ttarersing 
the  point  B.  Draw  B  A  in  fig.  20  parallel  and  equal  to  B  A  io 
fig.  19;  and  B  A'  in  fig.  20  parallel  and  equal  to  B'  A'  in  fig.  III. 
Then  A  and  A'  in  fig.  20  represent  two  successive  positions  of  A 

tho  ceotre  of  the  arc ;  a  straizbt  liM 

nmit  will  bisect  tbe  arc     (2.)  To  mark 

tkt  lixth  pari  of  thr  ctrcumfemK*.  of  a  rirde.     I*y  «C 

•  chonl  cqDot  to  tbe  radius.     (3.)  To  mark  th»  toA 

part  of  llit  artniniftTmct  qf  a  eirek.     In  6g.  Ml, 

draw  the  (traight  hue  A  B  =  the  radiiu  of  tha  drcU; 

and  porpendiculor  to  A  B,  draw  B  C  =  1  A  B.    Join 

-'".■^  I    A  C,  ud  from  it  cut  off  U  D  =  C  a    A  D  will  be  the 

**  chord  of  Doe-teiitli  part  of  the  circomfsrence  of  tbe 

circle.    (4.)  For  thef/teenA  pari,  take  tba  dlSovace 

bstweeo  on(>-sixth  acd  una.ttaith.     It  may  be  added, 

a  method  of  dividing  the  circuinfereni»  of  s  circle  bj 
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htiT^lT'  to  tbe  axis  traversing  B,  at  the  beginning  and  end 

K-lwpectively  of  the  intei'val  of  time  in  which  the  rotating  piece 

'mna  through  the  angle  A  0  A'  (tig.  19)  =  A  B  A  (fig.  20^     The 

MBfllatiou  of  A  relutiyely  to  this  new  axis  consists  in  revolntioa 

Ka  circle  of  the  radius  B  A,  in  the  same  direction  with  the  rota- 

I  (that  is,   in    the  present  example,  right-handed);   and  the 

city  of  tiiat  relative  translation  is  B  A  x  the  angular  velocity 

f  rotation.     Fig.  21  shows  how,  by  a  similar  construction,  the 

I   of  B   relatively  to   an   axis  traversing  A  is  repreaeated. 

A  in  fig.  21  to  represent  at  once  the  trace  and  the  projec- 

a  plane  of  rotation,  of  an  axis  parallel  to  the  fixed  axis,  and 

Breraing  A.     Draw  A  B  and  A  B'  in  fig.  21  parallel  and  equal 

lively  to  A  B  and  A'  F  in  fig.  19.     Then  B  and  B'  in  fig. 

I  icprannt  two  micceBBive  positions  of  B  relatively  to  the  axis 

g  A,  at  the  beginning  and  end  respectively  of  the  interval 

a  which  the  rotating  piece  turns  tlirough  the  angle  A  0  A' 

;  19)  =  B  A  B  (fig.  21);  the  tranBlation  of  B  relatively  to  this 

ia  revolution  in  a  drcle  of  the  radius  A  B,  in 

a  with  the  rotation  (that  is,  in  the  present  ex- 

nple,  ri^t-fauided) ;  and  the  velocity  of  that  relative  translatioa 

1m  A.R  X  the  angular  velocity,  and  ia  at  each  instant  equal,  imrallel, 

■nd  eontiary  to  the  velocity  of  translation  of  A  relatively  to  B, 

agreeably  to  the  general  principle  stated  at  the  end  of  Article  12^ 

page  21. 

53.  C*a)|MnllTa  n««JoN  «f  F*lata  !■  *  BocbiIbb  Plmc— In  fig. 
19,  page  26,  aa  before,  let  A  and  B  be  the  projections  at  a  given 
inatent,  on  a  plane  of  rotation,  of  two  points  whose  motions  are  to 
be  ootnpared.  The  directions  of  motion  of  thoue  points  at  that 
tnatant  are  rtspreaented  by  the  straight  lines  A  a,  B  6,  tangents  to 
lh«  circlea  in  which  the  points  revolve  about  the  axis  0;  and  the 
dirtetunal  Ttlation  of  the  points  is  expressed  by  the  fact,  that  the 
angle  between  those  directions  of  motion  is  equal  to  the  angle 
A  O  B,  between  the  perpendiculars  let  fall  from  the  two  points  on 
the  Mxia  O;  or,  in  other  words,  the  angle  between  the  plai 
bsvetnog  that  axis  and  the  two  points  respectively ;  of  which 
filBBfa  O  A  and  0  B  are  the  traces  upon  the  plane  of  rotation ;  for 
tbo  dhvctiona  of  motion,  A  a,  B  t,  are  respectively  perpendicular 
to  tlMMW  two  phines. 

Tbo  vJoeitif-ratia  of  the  two  points  is  equal  to  the  ratio  0  B  :  O  A 

borne  Ui  each  other  by  the  radii  of  their  circular  paths.     In  other 

vordi,  if  A  a  "  A  A'  be  taken,  as  before,  to  represent  the  velocity 

of  A,  aad  U  6  —  B  B'  to  represent  the  velocity  of  B,  then 

OA:OB;:Ao:Bi; 

an4  if  tbe  velocitiea  of  any  number  of  points  in  a  rotating  piece 
an  aotB|Mu«d  together,  they  ore  all  proportional  reBpect.ive\j  'Vi 
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the    perpendicular   distances  of  those   points   from    the  i 
rotation. 

It  ia  obvious  that  alt  points  in  a  circular  cjrlin^t^  vafut 
describedabout  the  axis  of  rotation  have  equal  velocities.  Thedotud 
circles  in  fig.  19,  page  26,  represent  the  traces  of  two  sacli  sbt&k 

The  relative  motions  of  any  two  pairs  of  jfointa  in  a  robUof 
piece  may  be  compared  together.  For  example,  let  it  be  po- 
posed  to  compare  the  motion  of  A  relatively  to  B  with  the  oiotioaef 
B  relatively  to  O.  Then,  because  the  velocity  of  tbe  motion  of  A 
relatively  to  B  is  proportional  to  B  A,  and  its  direction  peepea- 
diaular  to  the  plane  whose  tmce  is  B  A,  while  the  velocity  of  the 
motion  of  B  relatively  to  O  is  proportional  to  O  B,  and  iti 
direction  perpendicular  to  the  plane  of  which  0  B  is  tbe  trace,  tk 
directiouaj  relation  is  expressed  by  the  angle  made  by  those  pUiM* 
with  each  other,  and  the  velocity-ratio  by  the  ratio  B  A  :  0  B 
borne  to  each  other  by  the  projections  on  the  plane  of  rotation  at 
the  two  lines  of  connection  of  the  two  pairs  of  points. 

S4.    BclallTe  >Bd  CstBpuBUre  TnulalUB  af  ■  Pair  Bf   Wlilitr 

CoHnecMd  PaiBib—The  following  proposition  is  applicable  to  iS 
tuotions  whatsoever  of  a  pair  of  points  so  connected  that  tie 
distance  between  them  is  invariable.  It  forms  the  basis  of  neui; 
the  whole  theory  of  combinations  in  mechanism,  and  jaaaj  of  t* 
consequences  will  be  explained  in  the  ensuing  chapters  of  tlw 
Part  At  present  it  u  introduced  with  a  view  to  its  application 
to  paire  of  points  in  a  rotating  piecA 


Kg.  25. 

Thboreil — If  tvjQ poinU are  ao  eonneeted  that  their  dielanetti 
u  invariable,  tli6  component*  o/lhMr  vehciiies  along  the  t 
which  traveraa  t/iem  both  muat  be  equal;   for  if  those  com:^ 
Telocitiei  are    unequal,  the   distance   between   the  points  I 
ncceaaarily  change. 

Tlio  Btraiglit  line  which  travei-ses  the  points  is  called  their  Liitt 
of  Connection, 

For  example,  in  fig.  25,  let  A  and  B  represent  two  points  in  the 
plane  of  tbe  pHiicr,  whose  di^itance  apart,  A  B,  is  invariable.  At  a 
given  instant  let  the  vi-locities  of  those  points  he  represented  hj 
■tnigbt  lines,  which  may  be  in  the  same  plane,  or  in  different  pluMi^ 
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irdiog  toeircnnistAnces;  and  let  Aadtid  BA  be  the  priyectiot 
of  those  lines.  From  a  and  6  let  fall  a  e  and  &e' perpt:adicular  to 
the  line  of  coDnectioii,  A  B ;  these  will  be  the  traces  of  two  plaoea 
perpendicular  to  the  line  of  connection,  and  tiaveraiug  resjiectively 
tlie  points  of  which  a  and  b  are  the  projections)  the  parts  Ac  and 
Be',  cut  off  by  those  planes  from  the  line  of  connection  (produced 
where  necessary),  will  be  the  components  along  that  line  of  tho 
velocities  of  A  and  B  respectively;  and  those  componenta  must 
necessarily  be  equal — that  ia,  B  c'  =  Ac.  The  component  velo- 
cities transverae  to  the  line  of  connection  are  represented  by  tho 
tines  whose  projections  are  c  a  and  c'  6,  and  may  bear  to  each  other 
any  prrportion  whatsoever. 

The  same  principle  ia  illusti'ated  in  fig.  19.  page  26.  In  that 
figure  A  a  and  B  b  represent  the  velocities  of  two  points,  A  and 
B,  whose  line  of  connection  is  A  B,  and  is  of  invariable  length  ; 
ac  and  bo'  are  perpendiculars  let  fall  from  a  and  b  upon  A  B, 
pK>diiccd  where  necessary;  and  Ac  and  Be'  represent  the  com- 
ponent velocities  of  A  and  B  along  the  Hue  of  connection,  which 
lire  eqn&l  to  each  other. 

KcLE. — Given  (in  _fig.  25),  a  pair  of  rigidlt/  connected  points,  A 
and  B,  and  the  directions  of  the  projections  A  a  arul  B  b  vpon  a 
jiiane  Iravernng  A  B,  o/*  their  tetodtta  at  a  given  instatU,  to  find 
Ota  rofio  of  thote  projeetiona  or  component  vdocitieg  to  each  oHier.  In 
fig.  2fi,  draw  O  c  of  any  convenient  length  parallel  to  A  B,  and  aeb 
perpendicular  to  it;  through  0  draw  O  a  in  fig.  26  parallel  ia 
■     -     —        ■   "  ■   *     lig.  26  parallel  to  B  6  in  fig.  25;  thea 


5g.  25,  and  O  b 
the  required  ratio  is 
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K      55.   rsHitHCBIa  sf   TeUcllT  ■'  ■■    Paint   !■   m    Bat>riH«    Pkmet— 

T*  Vviadini  niMiM.  (A.  if.,  3H0.)— Tlie  comiwnent  parallel  to  an 
axis  of  rotation,  of  the  velocity  of  a  point 
in  »  rotating  body  relatively  to  that  axis, 
ia  notliing.  That  velocity  may  be  resolved 
into  rectangular  comjKinents  parallel  to  the 
piano  of  rotation.  Thus  let  O  in  fig.  27 
represent  the  projection  and  tmce  of  the 
axis  ot'  rotation  of  a  body  whose  plane  of  ' 
n>t«tioa  iH  that  of  the  figure;  and  let  A  be 
the  projection  of  n  point  in  the  body,  the 
Tsdina  of  whose  circular  path  ia  O  A.  The 
velocity  of  that  point  being  =  O  A  x  angular  velocity,  let  it  be 
representtKl  by  the  straight  line  A  V  perpendicular  to  O  A,  Let 
B  A  be  any  direction  in  tho  plane  of  rotation  parallel  to  which  it 
ia  deeired  to  find  the  component  of  the  velocity  of  A.     From  V 
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L  rotAting  piece   nuj  ot 
r  rectaognW  (w 


let  fall  Y  TJ  perpendicnl&r  to  6  A ;  then  A  TJ  represents  tfae  torn-  . 

ponent   in   question.      Sometimes  the   more  coavenient    way  b( 
finding  that  component  is  the  following : — 

From  O  let  fall  OB  perpendicular  to  BA.  Then  A  uid  B 
represent  a  pair  of  rigidlj  connected  points;  therefore.  According 
to  Article  24,  the  component  velocities  of  A  and  B  aloog  A  B  «»' 
equal.  But  B  A,  being  perpendicular  to  O  B,  lb  the  direotuHi  of 
the  whole  velocity  of  B;  therefore  (Ae  component,  tUottg  a  ^m> 
alraight  line  in  t/ie  plant  of  rotation,  o/t/ie  vtlodty  <^  any  ^m( 
wAoM  projection  is  in  tJiat  line,  u  equal  to  the  wlioU  velocity  of  lie 
jxtint  uA«F0  a  perpendicuUir from  the  a<dt  meets  iJuU  tine. 

The  whole  velocity  of  B  is  =  O  B  x  the  anguhir  velocity;  ul 
the  velocity- ratio  of  B  to  A,  or,  in  other  words,  the  ntlo  of  tht 
component  velocity  of  A  along  B  A  to  the  whole  velocity  of  A,  i> 
OB  ;0A 

The  velocity  of  a  point  such  t 
resolved  into  components,  oblique  (see  fig.  11 
fig.  27)  aa  the  case  may 
be,  by  regarding  the 
Tclocityof  A  relatively 
to  O  as  the  resultant 
of  the  velocity  of  A 
relatively  to  B,  and  of 
that  of  B  relatively  to 
O.  The  directions  of 
that  resultant  velocity 
and  ita  two  components 
are  respectively  jier- 
pendicular  to  0  A, 
B  A,  and  O  B,  and 
their  rutios  to  each 
other  are  equal  to 
those  of  thfi  lengths  of 
the  same  three  linea 
This  ia  a  particular 
case  of  a  more  geueral 


Pig.  28. 


that  the  velodiiet  of  three  poinU  rdtUinely  to  nA 
other  are  propoHion€il  to  Uie  ihree  eideg  of  a  irianyU  uAick  nah 
with  each  other  the  sanw  angles  that  t/ie  dtrectiotts  of  those  rtw 
rdative  velocities  do  {A.  if.,  355). 

In  fig.  28,  lot  O  be  the  trace  of  the  axis  on  a  plane  of  roUtton. 
and  A  a  point  in  the  rotating  piece,  revolving  in  the  circle  O  A, 
■o  sa  to  assume  successively  a  Beries  of  positions  such  as  1,  S,  3, 1, 
C,  6,  7,  8;  and  in  each  position  of  A,  let  the  component  velod^ 
A  U,  inrallel  to  a  fiied  plane  whose  trace  is  the  diameter  8  0*, 
be  comiKin^d  with  the  whole  velocity  of  revolution.  A  T. 
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Let  3  0  6  be  a  diameter  perpendicnlar  to  8  O  4 ;  and  through 
A  draw  A  Y  parallel  to  4  O  8  and  A  X  piimllel  to  2  0  C.  Then, 
according  to  the  principles  already  explained,  the  value  ol'  tliB 
velocity  nttio  in  quesLinn  is, 

A  IT       X  A       O  Y 

A  V  ~  <l  A  ""  OA' 
■nd  it  ia  evident  that  thta  ratio  \a  equal  to  nolliin^  wlicn  A  is  at 
the  points  4  and  8,  and  to  unity  when  A  ia  at  tlie  points  2  and  6. 
Further,  if  the  velocity  of  revolution  bo  considered  as  iilwaya 
positive,  and  if  the  component  velocity  A  U  be  coosidere'l  as 
poutive  vrhen  from  left  to  right,  and  negative  when  froni  right  to 

,  «    ^        ..    AU  , 
left,  the  ratio  v-  -y  is, 

a  tlio  (juaclmnt  812,  positive  and  increasing; 

a  the  quadrant  234,  positive  and  diminishing ; 

n  the  quadrant  456,  negative  and  increasing; 

a  the  quadrant  6T8,  negative  and  diminishing. 

It  thus  nndergoea  a  series  ci[  periodicai  variations.     All  this  ia 

exjvewL-d  in  symbols  by  the  formula, 

AU 

^      where   '  denotes  the  angle  that  the  radius  O  A  makes  at  any 
iii.sCant  with  the  radius  O  8. 

Other  and  more  complex  ways  of  resolving  the  motions  of  points 
ill  rotating  bodies  into  components  will  be  considered  in  the  next 

56.    CsapvnUIre  nsitaB  af  Tw*  BoIbUbb  PlecM,  luil    af  FalnU 

■■  iknH.— In  comparing  together  the  rotations  of  two  rotating 
pieces  without  reference  to  the  translations  of  [Mints  in  them,  their 
comparative  speed  ia  ex[>reB3ed  (as  already  stated  in  Article  4G) 
by  the  aiujvlar'Vtiocity  ratio,  or  mtio  of  the  numbers  of  turns  in  a 
given  time ;  which  is  also  the  reciprocal  of  the  ratio  of  the  periodic 
tixnes  of  revolution.  When  the  asea  arc  poi'allel,  or  nearly  parallel, 
the  directional  relation  may  be  expressed  simply  by  prchxing  -i- 
or  —  to  the  velocity-ratio,  according  ns  the  directions  of  rotation 
are  Btmilar  or  contrary;  but  there  are  cases  to  be  considered 
further  on,  where  the  relative  angular  positions  of  the  axes  have  to 
be  considered  with  precision. 

When  the  translations  of  two  points  in  two  different  rotating 

pi«CM    are   compared,  the   dii-ectional  relation    is   determined    by 

t]ie  fact,  that  each  point  moves  in  a  direction  normal  to  a  plane 

I     Invcndng  itself  and  the  axis  about  which  it  revolves;  ond  that        H 

^P  fte  velocity  of  each   point  is  proportional  to  its   perpendicular      ^| 

H>4i>taiice  &om  that  axta,  and  the  speed  of  rotation  about  that  axis,      ^| 
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jointly.  Hence,  let  a  and  a'  denote  tlie  angular  velocities  of  two 
rotating  pieces,  or  a  pair  of  numbers  proportional  to  tliose  apgukr 
Telocities ;  r  and  r*,  the  perpendicular  diatances  of  a  pair  of  poind 
in  those  two  pieces  from  their  r^pective  axes,  or  a  pair  of  numbnt 
proportional  to  those  distances;  and  randc',tbe  respective  vclodtiet 
of  those  two  points,  or  a  pair  of  nninbera  proportioa&l  to  thoM 
velocitiesi  then  the  velocity -ratio  of  the  points  ia, 


In  order  that  a  pair  of  jraints  in  u  pair  of  rotating  pieces  mar  han 
eqnal  velocities — that  ia,  in  order  that  -  may  Le  =  1,  we  mm* 
make  the  radii  inveracly  proportional  to  the  itngiilar  vi-locitio —    i 
that  is,  a'  t'  =  a  r,  or  -  =  — ,.  I 

Section  IV.—Screic-lUx  Motion  of  Primary  Pieces. 

57.  neUai  sr  flcnw-iike  JHauan  {A.  M.,  382.)  is  Compounded 
of  rotation  about  a  6xed  axis,  and  of  translation  ulnng  that  axii: 
the  advance  (as  the  translation  in  a  given  time  is  called)  bearii^a 
conBtant  proportion  to  the  rotation  in  the  same  time;  in  other 
words,  the  moving  piece  advances  aloug  the  axis  of  rotation 
through  an  uniform  length  during  each  turn. 

The  Huhject  of  the  resolution  of  acrew-like  motion  into  com- 
ponents in  other  and  more  complex  ways  will  be  considered  ia 
the  next  chapter. 

58.  «»«>■  PicKK  •r  o  Berew—PUek.  {A.  J/.,  471.)— In  order 
that  a  primary  moving  piece  may  have  screw-like  motion,  its 
ligure  ought  to  be  that  of  a  true  screw ;  and  it  ought  to  turn  in 
a  bearing  of  the  sume  figure,  fitting  it  accurately.  The  fignn 
of  a  screw  may  be  described  in  general  terms  ai  conaisting  of  a 
projection  of  uniform  cross-sec tiiui  called  the  tlireail,  winding  in 
Bucoessive  coils  round  a  circular  cylinder.  The  beat  fonn  of 
section  for  the  thread  of  a  screw  that  is  to  bo  used  as  a  primarr 
moving  piece  for  producing  helical  motion  only,  and  not  as  a 
fastening,  nor  in  "  screw  gearing,"  is  rectangular.  The  form* 
■suited  for  other  purposes  will  be  considered  later.  There  are  two 
aorta  of  screws,  convex,  or  external,  and  concave,  or  internal;  in 
the  former  the  thread  winds  round  the  outside  of  a  cylindrical 
spinillc ;  in  the  hitter  it  winds  round  the  inside  of  a  hollow  cylinder. 
When  the  word  '*  screw  "  is  used  without  qualification,  an  external 
screw  is  usually  meant;  an  internal  screw  is  called  a  "iiui." 
When  a  primaty  moving  piece  is  an  external  screw,  its  bcAting  is 
an  iutemal  screw ;  when  the  primary  moving  piece  is  an  internal 
■oraw,  tho  bearing  ia  an  external  screw.     The  tniUi  or  accuracy  of 
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n^ure  of  A  screw  dcpenda  muinly  on  ihe  ^rf^ct  uniformity  of  the 
pUtk;  that  is  to  say,  the  distance,  measured  parallel  to  the  axis, 
from  »ny  point  in  one  coil  of  the  thread  to  the  coireapondiug 
point  in  the  next  coiL  For  example,  the  pitch  of  the  sorew  R  iu 
fg  29,  so  long  Bs  it  ia  mvasiired  panJlel  to  the  axis,  may  be 
_  jBUBored  either  from  D  to  F,  fnim  E  to  G,  &oui  F  to  H,  or  from 
ftO  to  K,  or  between  any  jNiir  of  corresponding  jioiutH  in  two 
Imm  iMJi  I  ooiU;  and  it  ou^ht  to  he  exactly  the  same  wberesoever 
it  is  n)«a9iired.  The  pitch  is  also  the  uniform  distance  through 
which  the  screw  advances  at  each  turn. 

a9.    Mlfh*-BMBd*d  and  I^tl-Haadcd  Screwi.  —  A  screw  is  said  tO 

,. — ■ borighUhandedorleft-handed 

— -^  according  as  right-handed  or 
left-hftDded rotational  required 
in  order  to  make  it  advance; 
and  ibis  is  a  permanent  dis- 
tinction, and  not  de]iendent 
on  the  position  of  the  Bi)ec- 
tator,  as  the  distinction  be- 
tween right-handed  and  left- 
handed  rotation  is  (Article  48, 
pi4;e  25).  For  example,  ia  fig. 
•2^i,  L  18  a  left-handed  screw, 
and  R  a  right-handed  screw. 
t  Krews  UKcd  in  the  ai*ts  are  righ t- handed ;  left-handed  screws 
m  nude  for  npecial  pui'[>oBi's  only. 

60.  C— pamtlTe  fllMl**  mf  ■  r«lai  la  a  Bcr«w.^Tho  principles 
iHkc  prcHDt  Article  apply  not  only  to  any  [xiint  in  the  thread  or 
Ebi  Uw  apindle  of  a  screw,  but  to  any  point  in  a  body  that  is  rigidly 
BlrttectiM  to  the  screw,  eo  as  to  move  along  with  the  screw  as  one 
;  sncb  as  a  wheel  or  a  lever  fixed  to  and  turning  with  the 
■.     In  fig.  29.  let  A  B  be  the  axis  of  the  screw,  and  C  a  point 
idly  attiiched  to  it  at  the  peq^endicolar  distance  C  A  from  the 
TTirn,  while  the  scrtiw  makes  one  turn  the  motion  of  the 
C  in  the  resultant  of  two  components  at  right  angles  to  each 
:  in  advaatte,  along  with  the  whole  screw,  in  a  direction 
dlel  to  the  axis,  through  a  distance  equal  to  the  pitch  of  the  screw; 
i  •  rmioiuiitm,  round  a  circle  descrit«d  about  the  axis  witli  tha 
lina  A  C,  and  having,  therefore,  the  circumference  6-283^  A  C. 
DMMt  questions  of  oomgiarative  motion  connected  with  screws, 
Ibo  ijiiatitity  of  most  importance  is  the  velocity- ratio  of  those  two 
compuncnts  of  the  motion  of  a  given  point,  and  it  is  espresW  aa 


I 


velocity  of  revolution 
vdocit^  of  advance 


3  AC 


pitch 


ponii  Vkf  or  IP 

beolledft 

H  IB  cmll«d  a  Itdix. 

npon  »  cjlisdrickl  stiT&e«  described  about  Uieaxis  of  nitatiaBvilk 

a  ladins  equal  to  tbe  perpeodicolar  distanoe  of  the  ***"«■§  poitf 

from  die  axis.     The  distance,  neasared  paialld  to  tbe  axis,  U.tW>a 

any  two  succeaaiTe  coils  is  everywhoe  the  same,  and  is  i^Mtial 

witb  the  piteA  of  tbe  screw ;  aod  the  angle  of  '"-'inntif  of  tb 

linear  screw  to  the  axis  is  everywhere  tbe  »ine, 

Fuints  in,  or  rigidlj  attached  tti,  a  screw,  at  eqoal  distaaen  Ihb 
the  axis,  tiace  bj  their  motioa  equal  aud  similar  linear  aoewifa 
one  and  the  same  cylindrical  surface.  Points  at  UDeqnal  itintan*" 
trvtn  tbe  axis  trace  difiereat  linear  screws,  inclined  to  tbe  axis  it 
different  angles,  and  situated  on  cj-Iindrical  sor&ces  of  iineqnd 
radii ;  but  the  pilch  of  all  those  linear  screws  is  the  same^  All  (be 
edges,  whether  projecting  or  re-entering,  of  a   screw-tfaraad  an 

A  linear  screw  maj  be  traced  ou  a  cylindrical  aarface  bj  id; 
mechanical  contrivance  which  ensures  that,  while  tlie  crlinilrr 
rotates,  the  traciug  point  shaU  advance  along  a  line  parallel  to  \ht 
axiu  at  a  rate  bearing  a  constant  pro|x>rtion  to  the  mt«  of  rotation 
This  will  be  farther  considered  in  that  part  of  this  treatise  whicJ' 
relates  to  the  constniction  of  machinerj'. 

A  linear  screw  is  the  shortest  Hue  on  the  surface  of  a  ^liudei 
between  two  points  that  are  neither  in  one  ]>laae  tiavetviog  tilt 
axis  nor  in  one  plane  perpendicular  to  the  axis;  and  a  owd  or  a 
flexible  wire  stretched  on  a  cylindrical  surface  between  two  mA 
points  tends  to  assume  of  itself  tbe  figure  of  a  linear  Kttiw. 

62,  PrajecitaM  f  a  un«r  Screw.— The  most  usefiil  puijenliai 
of  a  linear  screw  is  that  upon  a  plane  travetsiDg  tbe  axia,  and  b 
drawn  as  follows : — In  fig.  30,  lut  A  B  represent  the  axis  of  the  sovw. 
Dmvr  I>  A  C  perpendicular  to  A  B,  making  A  0  —  A  D  =  tbi 
ludius  of  tbe  cylindrical  surface  in  which  the  helix  is  to  be  situated 
Draw  D  I  and  C  F  parallel  to  A  B;  those  two  lines  will  betbt 
tracui  of  tbe  cylindrical  surface.  About  A,  with  the  radius  A  (X 
draw  the  semicii'cle  C  K  D  i  this  represonta  the  trace  of  one-half 
of  tbe  cylindrical  surface  on  a  plane  ))erpendicular  to  ita  axii^  I 
"rabattm)"  upon  the  piano  of  projection.  Divide  the  semictnjs 
into  any  convenient  number  of  equal  arcs  (Article  51,  page  37); 
the  greater  the  number  uf  those  divisions,  the  greater  will  be  tlw 
aeouiacf  of  tbe  projection.  In  fig,  29  the  semicircle  ia  divided  into 
six  eijiialarcB  only;  in  practice  a  greater  number  will  in  general  be 
required. 

Ou  C  F,  or  any  other  line  parallel  to  the  axis,  Uy  off  C  E  =  the 
intended  pitch  of  tbe  screw,  and  divide  it  into  twiat  as  ata^^ 


s  paraD*^!  to  A  B;  And  through  the  points  of  division  of  tho 
pitch  dnw  straight  lines  peqiendiculur  to  A  B;  the  points  of 
iDt«Tsectioii  of  successive  putt's  of  tliose  two  seta  of  lines  'will  bo 
pouUa  in  the  nipiind  prqjecLiuu  uf  the  linear  scievr,  0  U  Ii  il^ 
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'which  caa  then  be  Jrawii  through  those  points.  This  us  the  pifr 
jection  of  one  coil ;  anil  as  many  successive  coils  as  may  be  reqnimi 
may  be  projected  by  simply  repeatiag  the  ssme  curv&  In  tig.  30 
the  projectjou,  E  H  M  F,  of  a  st'cond  coil  is  shown;  and  it  haa 
been  constructed  by  laying  off  an  iiniform  disUnce  parallel  la  ihe 
axis  and  equal  to  the  pitch  fi-om  each  projected  point  of  the  fim 
coil;  for  example,  G  H,  L  M,  E  F. 

The  half  coils  on  the  nearer  aide  of  the  cylinder,  viz.,  CLE 
and  H  M  F,  are  drawn  iu  thicker  lines  than  the  half  coila,  Cti, 
E  H,  OQ  the  farther  side  of  the  cylinder.  The  screw  is  rigbt- 
handed.  Had  it  been  left-handed,  C  G  and  E  H  would  have  Wa 
on  the  nearer  side,  and  G  E  and  H  F  on  the  farther  side  of  tbe 
cylinder. 

63.    DcTelspmciil    Bf  a  Llnrar   8crt;w.*-Tho    depeUfptneni    of  aay 

figure  drawn  on  a  curved  surface  consists  in  supposing  the  rarfuw 
to  be  a  flesible  sheet,  and  drawing  the  appearaucc  which  the  figan 
would  present  if  that  sheet  were  spread  out  flat  on  a  planer  ^me 
curved  surfaces  only  ni-e  capable  of  being  developed,  such  as  a 
cylinder,  and  a  cone ;  others,  such  as  a  sphere,  are  not.  To  dnv 
the  development  of  the  cylindrical  surface  in  fig.  30,  as  bounded  hj 
the  two  circles  whose  projections  are  C  D  and  F  I,  draw  C  e  per- 
pendicular to  A  B,  and  equal  in  length  to  the  circumference  of  th» 
cylinder  (see  Aitiele  51,  page  27),  and  complete  the  rectftngalar 
parallelogram  C  c/F;  this  will  be  the  rei]uired  development  <rfthe 
cylindrical  surface. 

To  draw  the  development  of  one  coil,  C  G  E,  of  the  linear  SCRW, 
take  i:«  =  the  pitch  CE;  draw  the  straight  line  C«;  this  will  be 
the  required  development  To  draw  the  development  of  tlM 
second  coil,  E  H  F,  take  e/=  the  pitch,  and  druw  the  stnight 
line  EJ';  and  bo  on  for  any  required  niiinbcr  of  coils. 

Tbe  uniform  angle  of  inclination  of  the  linear  screw  u>  the  axia 
iBEOe  =  FE/ 

One  method  of  drawing  a  screw  on  a  cylindrical  surface  is  fint 
to  draw  its  development  od  a  sheet  of  some  flexible  subetaac^  and 
then  to  i-oU  that  sheet  round  a  cylinder  of  the  proper  radius. 

The  several  \twnU  iu  the  development  marked  with  small  lett«n 
are  the  respective  developments  of  the  points  marked  with  the 
corresponding  capital  letters  in  the  projection. 

To  draw  the  development  of  the  series  of  lines  parallel  to  thu 
axis  which  pass  through  the  |)oints  of  division  of  the  circumference, 
divide  Cc  into  twice  as  many  equal  parts  as  tlie  semicircle  C  D 
is  divided  into,  and  draw  straight  lines  parallel  to  C  F  through  tl 
points  of  division,  such  asdi,  qw,  lac 

The  kiuilh  <if  one  eoii  of  the  tcrew  is 


'  ~  J  (oircumference  '  +  pitch  ^ 


through  Ibft^ 


imm  scam— CVBVXTUSE — korual  pitch. 

le  KadiBi  wctamiave  of  a  linear  screw  is  found  I 
fbllowing  TOnstmction : — In  fig.  31,  let  A  C  be  the  radius  j 
f)f  the  cylindrical  Burface  ia  which  the  screw  is  situated. 
Diaw  A.  Y,  making  the  angle  CAY  «qiial  to  the  angle 
'wfaich  the  screw  makes  with  a  plane  perpendicular  to  its 
ftxis.  Dtxw  C  Y  perpendicular  to  A  C,  cutting  A  Y  in 
Y,  and  Y  Z  perpendicular  to  A  Y,  cutting  A  C  produced 
in  Z.  A  Z  will  be  the  required  radius  of  curvature.  Its 
length  Ta»j  also  be  found  by  calculation,  as  follows: — 

:  (I  .  ■    P'f    .). 

\         Circumference-/ 


AZ  =  AC  ( 


lent,  measnred,  not  parallel  to  the  aiis,  but  along 
on  the  cylindrical  Hurfuce  between  the  two  coila  ; 
that  is  to  Bay,  along  another  helix  or  linear  screw  which  cuts  all 
the  ooila  of  the  original  linear  screw  at  right  angles.  The  normal 
pitch  is  to  be  determined  from  the  development  of  the  screw,  as 
follows : — In  fig.  30,  from  e  let  fall  e  n  perpendicular  to  0  e ;  en  will 
be  the  nonnal  pitch.  The  straight  line  en  is  part  of  the  develop- 
ment of  the  normal  luiix,  as  it  may  be  called.  When  produced,  it 
cot*  £_/,  the  developmtnt  of  the  next  coil,  in  o,  and  n  a  =  e  n  ia  also 
ttie  normal  pitch.  By  finding  the  intersections,  such  as  p,  of  the 
development  of  the  normal  helix  with  the  series  of  straight  lines 
parallel  to  the  axis,  any  number  of  points,  such  as  P,  in  the  pro- 
itctko)  of  the  normal  helix,  0  N  O  P,  may  be  found  if  required. 
Hie  nonnal  pilch  may  be  calculated  by  the  following  formula: — 
—  _^e  ce  circumference  x  pitch 
C  e  length  of  one  coil 

The  piloh  ofAe  normal  helix,  if  required,  may  be  found  by  pro- 
dncing  ep  in  fig.  30  till  it  cuts  C  F  produced,  and  measuring  tho 
distance  of  the  point  of  intersection  from  C;  and  then  its  radius 
of  carratttre  may  he  found  by  a  oonatruction  like  that  in  fig.  31  ; 
but  in  general  it  Ja  more  convenient  to  find  these  quantities  by 
calculation,  as  follows : — 

.,  .     ,  1  .    1-  circnmference  * 

pilch  of  normal  helix  =  -;— ; — z — ^-. — ,  ,   ■,.- 
pitch  ot  oiigmal  hehx 

,.        ,  ,  ..,.,,,/,         circumference*   \ 

ndinaofcamtnreofnormal helix- AC  •(  1  +-;— ; — t. — r-,    ..  ,|. 

V       pitch  of  ong.heiixV 

The  »nn>  of  the  reciprocals  of  the  radii  of  curvature  of  the 
onginal  heJix  and  the  normal  helix  is  equal  to  the  reciprocal  of 

the  radios  of  the  qrlinder  j  that 


I 


GKOIOETXT   or  KACmSMKt. 


^w  pttd)  of  *  acrev  as  iae«anr«d  paxalld  to  the  »xia  vuy  bt    i 
called  the  aaaal  piuk,  to  order  to  distinguish  it  from  tbe  tiond 
pitch ;  bot  when  the  word  "  pitch  "  is  used  withont  final  ifir>tim. 
axial  pitch  is  always  to  be  DndefStaod. 

The  several  linear  screws  wbieh  exist  in  the  figaiv  of  an  Ktal 
solid  screw,  or  which  are  described  by  points  in  it  or  tigid^ 
attached  to  it,  have  all  the  mvat  axial  pitch;  bnt  tbey  haiv  not 
the  same  normal  pitch  except  vheo  they  we  sttnated  on  the  ma* 
cylindrical  gnr&ce 

66.  DivMcid  PUcb.— A  screw  sometimn  has  more  thui  <»e 
thread,  in  which  case  the  dislancc  between  any  coil  of  any  oat 
thread  and  the  next  coil  of  the  same  thread  is  divided  by  the  other 
threads  into  as  many  pctrts  as  the  total  namber  of  threads  Is 
that  case  the  distance  &om  a  point  iu  one  thread  to  the  cantvfoiA' 
ing  point  in  the  next  thread  may  be  called  ihe  divided pitek,U>  ^ 
tingtiiah  it  from  the  distance  between  two  Gnccesaive  coils  of  the  aaiM 
thread,  or  pitch  proper,  which  may,  when  required,  be  desigiutni 
as  the  total  pitclu  Tlie  advance  of  the  screw  at  each  revulaliin 
depends  on  the  total  pitch  only,  in  the  manner  already  explained, 
and  is  wholly  independent  of  the  number  of  threads  and  of  tbt 
divided  pitch;  so  that  division  of  the  pitch  does  not  afiect  the 
motina  of  a  acrew  as  a  primary  piece.  Its  use  in  combioatioiH  ti 
pieces  will  be  afterwards  explained. 

Division  of  tlie  pitch  of  a  linear  screw  is  illustrated  in  fi^  90, 
where  two  additional  linear  screw  thrcods,  marked  by  dotted  ^at*, 
lire  ahown  dividing  the  pitch  of  the  original  screw  into  three  equal 
piirtfl.  To  avoid  confusion,  one  only  of  the  additional  scmr-IiiKS 
is  lettered,  viz.,  that  marked  Q  R  S  T  TJ  V  W  in  the  projectioo, 
and  qr,  V.»tu,  Ucto,  in  the  development.  The  other  is  oft- 
Icttered.  Tlio  dimded  axial  pitelt  ia  C  E  =  J  C  E.  and  the  divided 
normal  pitch  ex  =  ^cn. 

The  several  linear  screw  threads  i 
parallel  and  similar  to  each  other; 
represented  by  parallel  straight  lin 
ference  into  as  many  equal  ]iarta  a 
length  of  one  of  those  jmrta  may  be  cwUed  the  ctrcuiar  or 
circumferential  piCc/i.  In  fig.  30,  the  circular  pitch  is  represented 
by  tie  arc  C  Q',  ond  by  its  development  c 


a  of  this  kind  are  all 
md  in  the  development  they  are 
They  divide  the  circnm- 
3  threads;    and  the 
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OF  THE  KOnOKS  OF  SECOKDABT  MOVING   rtECB3. 


67.  couni  PriadylcK  (A.  M.,  383,  384, 503.)— In  the  praaent 
cbapter  tbe  genera]  priociples  onlj  of  the  motions  of  Eecundary 
muring  pieces  in  machiDes  can  be  given,  many  of  their  most 
unpoiUat  applications  being  reserved  for  that  chapter  wliicb  'will 
tre^t  of  "  Aggr^ate  Combinations  in  Mechaniam,"  and  some  for 
tbc  chapter  on  "  ElementBTy  Combination  a."  The  mechanism  for 
pcodocing  tlie  motions  of  secondary  moving  pieces  belongs  wholly 
to  tboM  Uter  cbaptets. 

Secondary  moving  pieces  liave  already  been  defined  (in  Article 
37,  page  17)  aa  tbow  which  are  carried  by  other  moving  piecen, 
at  which  have  their  morons  not  wholly  guided  by  their  cou- 
nectioB  with  the  frame  Their  motions,  therefore,  are  not 
restricted,  like  thoee  of  primary  pieces,  to  translation  in  a  straight 
liD^  rotation  abont  a  fixed  axis,  and  that  combination  of  those 
two  motiona  which  constitates  the  motion  of  a  screw  with  a  fixed 
a3t»;  tb^  comprehend  translatiooa  along  carved  lines  of  various 
Sgom,  rotations  about  shifting  axes,  and  various  combinations  of 
tiandatiooB  and  rotations.  The  paths  of  points,  too,  in  secondary 
pieees  an  not  restricted  to  three  forms — the  straight  line,  the  circle, 
sod  the  helix;  they  comprehend  a  great  variety  of  cnrved  lines, 
both  plaiH  and  of  double  curvature.  The  comparative  motions 
of  vaj  two  points  in  a  primary  piece  are  constant.  The  com- 
parative motions  of  two  points  in  a  secondary  piece  very  often 
vmiy  froai  instant  to  instant  as  the  piece  changes  its  position^ 

la  aWDy  caws  the  motions  of  secondary  pieces  an  partially 
gvided  or  twtricted.      For  example,  a  secondary  piece   may  ba 

k'  to  guided  that  all  its  movements  take  place  parallel  to  a  fixed 
jiaae;  in  which  case  its  motions  are  restricted  to  translations 
puallel  to  the  fixed  plane,  and  rotations  aliout  axes  petpendicnlar 
to  it ;  and  the  paths  of  its  points  are  re^ricted  to  lines,  straight  or 
carved,  in  or  parallel  to  that  plane;  and  this  restricted  case  is  by 
far  the  mort  common  in  mechanism.  Another  kind  of  restriction 
on  th«  movements  of  a  secondary  piece  is  when  it  tnms  about  a 
ball  and  socket  joint,  or  some  equivalent  contrivance,  so  that  one 
point  at  the  centre  of  the  joint  is  kept  fixed:  in  this  cane  its 
I  are  restricted  to  rotations  abont  axes  traversing  that 
KBBt;  and  the  motions  of  points  in  it  an  leitncUd  \o 


curves  Bituate<l  in  Hpberical  surfaces  deticribed  ftboat  the  &x«d  poinL 
Cases  ill  which  the  movemenU  of  secondary  moving  pieoM  arc  nut 
restricted  in  ODe  or  other  of  those  ways  are  comparatively  tMt 

The  geometrical  problems  relating  to  the  motioaa  of  ascoodn; 
moviDg  pieces  may  be  divided  into  the  two  foUowiog  danea: — 

I.  When  the  mottona,  in  most  cases,  of  two,  and  at  furtluit  J 
threo,  points  in  a.  secondary  moving  piece  are  given,  and  it  m 
reqnired  to  find  the  motion  of  any  otiier  point  in  the  piece,  or  of 
the  piece  as  a  whole.  All  problems  of  this  class  depend  for  tlidr 
solution  on  the  principle  of  Article  54,  page  33. 

II.  When  there  are  two  moving  pieces  or  moving  points,  C  ind 
B,  the  frame  of  the  machine  being  denoted  by  A.  and  two  out  rf 
the  three  motions  of  A,  B,  and  C  relatively  to  each  other  bov 
given,  it  is  reqnired  to  find  the  third  of  those  motions.  AS 
problems  of  this  cliis.'^  depend  for  their  solution  on  the  prtnci{d« 
(already  etated  in  Article  42,  page  21)  th^t  the  motion  of  C  rela- 
tively to  A  is  the  resultant  of  the  motions  of  B  relatively  to  A, 
and  of  C  relatively  to  B. 

Ce.  TraailuUn  •€  Bceondarr  narlBg  PIccM.  {A.  Jf.,  369.)— K 
in  a  moving  piece  whose  movements  ore  not  restricted,  the  direc- 
tions of  motion  of  three  points  not  in  the  same  straight  line  «« 
pamtlel  to  each  other  and  oblique  to  the  plaDe  of  the  three  poisti; 
or  if,  in  a  moving  piece  restricted  to  movements  parallel  to  one 
plane,  the  motions  of  two  points  are  jiarallel  to  each  other  ud 
oblique  to  the  line  of  connection  of  the  points ;  then  the  motion  of 
the  whole  piece  is  a  tru Delation.  All  the  points  in  the  piece  describa 
eqaal  and  similar  paths,  straight  or  curved;  and  all.  at  a  given 
instant,  move  with  equal  velocities  in  parallel  direction:!.  The 
motion  of  any  jiair  of  points  in  the  moving  piece  relatively  to 
each  other  is  nothing;  and  their  comparative  motion  cousisU 
in  the  directional  relation  of  parallelism  and  the  velocity-ntio 
of  equality. 

To  exemplify  the  translation  of  all  the  ))oints  of  a  moving  piece 
in  equal  and  similsr  curved  paths,  wc  may  tuke  thu  c&M  of  a 
oonpling-rod  (tig,   32)  which   connects  together  a  pair  of  eqnal 
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craiifcs,  A  C,  B  D,  aoH  Jias  its  effective  length,  C  D,  equal  to  the 
perpeiidiciiliir  diHtnuce,  A  B,  between  the  axes  of  i-otation  of  the  two 
cranks.  The  mntion  of  that  coupling-)^  is  one  of  tranalatiou,  in 
-which  all  the  particles  describe  with  equal  speed  equal  and  aimilar 
circles  of  the  radius  AC  =  B  D,  in  jilanes  perpendicular  to  the 
ajtes  A  aitd  B.  The  tsame  is  tlie  case  with  any  particle  rigidly 
attached  to  the  coupling-rod ;  xiiuh  as  F,  which  revolves  in  a  circle 
of  the  radius  E  P  =  A  C;  ko  that,  for  example,  the  points  C,  D, 
*ad  F  move  nroultaneously  through  the  equal  and  similar  arcs 
C  e,  D  D',  F  F'. 

69.    HsiallaM    Parallel    w    ■    Vlird    PInnr  —  Tcnponr)'    Axis  — 

1— «■««■■»■■■  Aiii.— The  cases  next  in  order  as  to  complexity  are 
those  in  which  all  tlie  movements  of  tlio  piece  are  parallel  to  a 
fixe^  plane;  and  the  following  arc  the  problems  which  present 
themselves : — 

I.  Given,  iM  polks  of  two  poinU  in  a  moving  piect,  tliS  distance 
hetKoen  UMr  projections  on  the  plane  of  motion,  and  turn  gucceasim 
jxmliim*  of  one  ofAem,  to  find  l/ie  temporary  axis  of  motion  0/  the 
fieet. 

In  fig.  33,  let  the  plane  of  projection  and  of  motion  be  that  of 


I 

I 
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Fie.  34. 


tli«  pKper,  and  let  the  partly  dotted  lines  A  A'  and  B  K  be  the 
projectimu  of  tJie  paths  of  the  two  points,  which  may  be  straight 
lines  or  piano  curves  of  any  figure,  subject  only  to  the  limitation 
that  the  distance  between  the  j>oint3  is  invariable.  Let  A  and  A' 
be  the  givvn  two  Buccessive  positions  of  one  of  the  i>oints.  About 
A  and  A*  reapectively,  with  the  projection  of  the  line  of  connection 
aa  a  radius,  draw  circular  arcs  cutting  the  projected  path  of  the 
other  point  in  B  and  B';  these  will  be  the  projections  of  the  two 
I  pnnwiii  poaitunu  of  the  second  point;  and  the  straijiht  lines 
[^  jL  B  and  A'  R  will  be  the  pmjections  of  the  line  of  conuuctjon  in 
I   two  neoemve  potationa  of  the  moving  piece.     Draw   tha 
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straight  lines  A  A'  and  B  B';  lisert  tliem  in  C  snd  D,  tiimi^p 
which  points  draw  C  I  perpendicnlar  to  A  A'  and  D  I  pwj''^' 
dicnl&r  to  B  K,  meeting  each  other  in  L  Then,  because  A  I  =■ 
A  I  aod  B-  I  =  B  I,  I  ivpnr^- 
die  same  point  in  the  two  positi  - 
of  the  piece;  and  therefore  I  i^  ' 
'^  ;  /  projectioQ  and  the  trace  of  a  line  ( 

\        :         ;*  pendicular  to   the   plane  of  taii:- 

\      •       i  -whose  position  is  tho  same  aftw  I'l' 

\    I     /  motion  of  A  to  A'  und  of  B  to  B  th« 

\  j  /  it  was  before.     That  hne  may  be  calW 

\V'  the  Temporarif  AxU  of  Motion  of  tht 

"^  moving  piece,  becanse  the  change  rf 

/  J  \  position  of  the  piece  is  the  same  4i  if 

/    I    \  it  had  been  turned  through  en  ugb 

/      !      '\,  A  I  A'  =  E  I  B'  about  that  lint 

Let  E  be  the  point  of  inteneetiaa 
of  A  B  )ind  A'  B'.     Then  the  atnigb 
line  E  1  bisecting  the  angle  A  8  B- 
traverses  the  teraporaiy  axis  I;  si"! 
13  of  finding  that  axis  when  0  I  and  D  I  cute  ' 
so  oblique  as  to  make  it  difficult  to  detemu' 
precisely  their  point  of  intersection. 

When  B  B'  is  parallel  to  A  A',  as  in  figs.  34  and  35,  C  I  it. 
D  I  become  parts  of  one  straight  line,  and  hare  no  iuteraect."' 
and  then  the  point  I  is  determined  by  its  coinciding  witli  E.  I 
most  esses  of  this  kind  it  is  necessary  that  the  two  aacce^'i' 
positions  of  B  should  be  given  as  well  as  those  of  A. 

IL  Gicen  (in  fig.  3C),  the  prcQtetiont  A  and  B,  at  a  given  inHai, 
of  two  poinia  in  a  movitu/  /'• 
.-  „n  _  _^  onihe  plane  of  molttm,  aiiii  ti~ 

gimultaneout  direeZiona  i^me-    J 
tion  o/Uiose  poittls,  Aa  and  fib,     I 
U>  find  Uie  instantaocoua  axi>    I 
of  the  moving  piece  ;  andtiaia 
.  to  deduce  Uie  comparalite  pi 
'  tiotu,al  the  given  inttaMt,«/r 
given  point*,  and  oftat^  ttl 
poititt  in  tlie  moving  pita. 

If  the  simultaneous  di^•^' 

tjons  of  motion  of  tlie  givn 

points  are    perpendienlar   to 

Tig.  K.  their  lino  of  connection,  the 

problem    requires    addittoaal 

iI>U  for  tta  aoIuUon,  which  will  be  stated  in  Rule  HL     U  thoM 

;  «ra  parallel  to  Moh  other,  and  not  perpeodicqlir  «b  ikm 


dtrrc  -' 
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■  of  connection,  tba  motion  nf  tbe  picca  is  one  of  ti-onslation, 
B  that  referred  to  in  Article  68,  puge  44.  The  preaent  rule  com- 
prehenils  all  oases  in  whirh  the  givt'u  directiona  aie  uot  parallel  to 
each  other. 

Through  A  and  B  draw  A  I  aod  B  I  perpendicular  respectively 
to  A  a  and  B  b,  and  cutting  each  other  in  I.  Then  I  will  be  the 
prnjection  anil  the  trace  on  the  plane  of  motion  of  the  required 
nwTAJfTAKEofs  axis:  that  is  to  say,  of  a  line  auch  that  the  motion 
of  the  piece  at  the  ititlant  in  quegtion  ia  one  of  rotation  about  that 

An  inatantaneons  axis  is  so  calleii  because  it  ia  an  imaginary 
line  which  is  continually  changing  its  position,  both  relatively  to 
the  frame  of  the  machine  and  relatively  to  tlie  secondary  piece 
[u  which  it  belongs;  so  that  it  occupies  any  particular  position, 
irb«ther  relatively  to  the  frame  or  relatively  to  the  secondsry 
piece,  at  a  particular  instant  only. 

The  comparative  motions  at  the  given  inataut  of  points  in  the 
secondary  piece  are  deduced  fmm  the  principle  that  the  velocities 
of  those  points  are  proportional  in  magnitude  and  perpendicular  in 
direction  to  the  perpendiculars  let  full  from  the  points  upon  the 
instantaneous  axis.  For  example,  let  A  a,  Bb,  C  c,  T>  d,  Ee, 
represent  the  directions  and  velocities  of  the  points  whose  projec- 
tions are  A,  B,  C,  D,  E;  then 

Ao  iBb  -.Cc-.Jyd-.Es 

UB  KspectiVely  proportional  and  perpendicular  to 

W  :  1  A  I  :  B  I  :  C  I  :  1>  I  :  E  r. 

F  Trom  I  let  fall  I  D  perpendicular  to  the  projection,  A  B,  of  the 
UDB  of  connection  of  the  given  points.  Then  all  points  whose 
projections  are  »t  D  are  at  the  given  instant  in  the  act  of  moving 
pwiallel  to  A  B ;  and  all  point*  whose  projections  are  in  A  B,  or 
in  A  B  produced,  such  as  A,  B,  and  E,  have  for  their  component 

fedacitiee  along  A  B  velocities  equal  to  the  velocity  of  D  j  that 

F" 

loonan 


=  A  £/'  =  B  d"  =  E  d- 


k  oon*eqaenc«  which  follows  also  from  the  principle  of  Article  53, 
p9«e  31. 

The  components  perpendicular  to  A  B  of  the  velocities  of  poiola 
whose  projections  are  in  that  line,  auch  as  A,  B,  and  £,  are 
propovtional  to  the  distances  of  those  {irojections  from  D;  that  is 
to  »j,  if  A/,  B  y,  and  E  A  represent  those  transverse  component 
■  '  I,  we  have  the  proportions, 

DA  :  DB  :DE 
:  :  A/:  Bg  :  EA; 
e  points/,  h,  D,  g  are  in  one  straight  line. 
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Hence,  when  A  I  and  B  I  form  an  angle  with  each  other  lo 
oblique  as  to  make  it  diffictilt  to  determine  precisely  their  point  of 
intersection,  we  may  proceed  as  follows  to  increase  the  precision  of 
that  determination : — Lay  off  any  convenient  equal  distances,  A  cT 
—  "Bd",  along  AB  from  A  and  B  respectively,  to  represent  the 
longitudinal  component  of  their  velocities.  Then  complete  the 
rectangular  parallelograms  Ad'a/,  'Bd"bg;  draw  the  straight 
line  /g,  cutting  A  B  in  D.  Then  from  D  perpendicular  to  A  B 
draw  D  I ;  this  line  will  traverse  the  instantaneous  axis,  and  will 
increase  the  precision  with  which  it  is  determined. 

This  last  way  of  considering  the  motion  of  the  piece  is  equivalent 
to  regarding  that  motion  as  compounded  of  a  rotation  about  an  axis 
at  I)  and  a  translation  of  that  axis,  and  of  the  whole  body  along 
with  it,  with  the  velocity  represented  by  D  d 

III.  Given  (in  fig.  37  or  fig.  38),  the  projections  A  and  "B,  at  a 
given  instant,  of  ttoo  points  in  a  moving  piece  on  the  plane  of  motion, 
and  the  ratio  o/ their  velocities^  vfhich  are  both  perpendicular  to  the 


Kg.  37. 


Fig.  38. 


projection,  A  B,  ofHieir  line  of  connection,  to  find  the  instantaneooi 
axis  of  motion  of  the  piece.  Perpendicular  to  A  B  draw  the  straight 
lines  A  a,  B  6,  bearing  to  each  other  the  given  proportion  of  the 
velocities  of  the  two  points:  draw  the  straight  line  ab;  the  point 
of  intersection,  I,  of  A  B  and  a  b  (produced  if  necessary)  wm  be 
the  projection  and  trace  on  the  plane  of  motion  of  the  required 
instantaneous  axia 

That  axis  may  then  be  used  as  in  the  pi*eceding  Rule  to  determine 
the  comparative  motions  of  any  set  of  ])oints  in  the  moving  piece. 

70.  B«iati«a  ab«at  m  Wkmed  p«iiii.— Every  possible  motion  of 
a  rigid  body  relatively  to  a  point  in  the  body  is  reducible  to 
rotation  about  an  axis,  permanent,  temjiorary,  or  instantaneooi^ 
as  the  case  may  be,  which  traverses  that  point  This  is  proved 
by  showing  that  ihe  following  problem  is  always  capable  of 
solution : — 

I.  Given,  at  any  instant,  the  directions  of  motion  of  any  two 
points,  B,  C  (fig.  39),  in  a  rigid  body  relativdy  to  a  point,  A,mA$ 


^r,  to  fiitdAe  instuituieoiu  axis  of  the  motion  of  the  telioU  body 
itftoafy  to  A-  In  the  first  place,  it  ia  to  be  observed  timt  whea 
I  motions  of  three  potnta  in  a  rigid  bodj  ore  determined,  the 


nSTAXTAKEOU;   AXIS. 


Fig.  39. 

a  of  the  whole  bodj  is  det«rmiiied ;  for  the  distances  of  any 
b  point  in  the  body  from  tiose  three  points  being  invanable, 
MFition  of  that  foorth  point  at  every  inittant  is  completely 
mined  by  the  positions  of  the  three  points. 
onler  that  the  solntion  may  be  put  in  the  simplest  possible 
,  let  the  plane  of  the  three  points  themselvca,  or  a  plane 
Id  to  it.  be  taken  for  one  plane  of  projection;  and  in  fig.  Z'J 
U-t  A,  B,  C  be  the  projections  of  the  three  points  on  that  plitne. 
For  a  Noond  plane  of  projection,  take  a  plane  perpendieolar  to  the 
Eist  [daoe,  and  tiaversing  B  C,  and  let  A',  B',  and  C  (which  are 
in  one  stnight  line)  be  the  projections  of  the  three  points  on  that 
aMondplaite;  m  that  B'C  is  parallel  to  BC,  and  A  A',  BB'.and 
C  C"  m  perprndicolar  to  B  C. 

Becante  the  instantaneous  axis  mnst  trarerse  A,  it  is  obvions 
tint  A.  B  and  A  C  are  the  traces  on  the  first  plane  of  projection  of 
tvo  phuica  traremng  the  instantaneous  axis  and  the  points  B  and 
C  rwpccdrely;  and  also,  that  if  B  6  and  Cc  are  the  projections 
OB  ihm  fint  plane  of  projection  of  the  directions  of  motion  of  B 
aad  C  at  tike  given  instant,  those  projections  must  be  perpendicnlar 
to  A  B  and  AC.  Let  S  b'  and  C  c  represent  the  projections  of 
tlw  dtrwctloiia  of  motion  of  B  and  C  on  the  spcond  plane  of 
pvMection.  Dnw  K  V  and  C  I'  perpendicukr  respectively  to 
B  4'  ftBil  Ce',  aad  meeting  each  other  in  1';  then  B*  I'  and  C  1' 
■n  tbe  tneoa,  on  the  second  plane  of  projection,  of  two  planes 
pEtpoMiieatar  rcq»Mtirdjr  to  the  instantaneons  directiona  of  motion 


I 
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of  B  and  C;  that  is  to  say,  of  the  two  ptaoea  alxviady  m^itioiMC^ 
'which  traverse  tho  instantaneous  axis  and  the  pointe  B  aaA  C 
respectively  j  and  I'  is  the  trace  of  the  itiglaTttaneoua  axU  tm  tU 
aecimd  plane  of  projectioji.  From  I'  let  full  I'  I  perpendicular  to 
B  C;  then  I  is  the  projection  of  I'  on  the  first  plane  of  projection. 
Draw  the  straight  lines  A  I,  A'  I':  those  are  the  profKtitait  ^ 
the  initantatuoui  axU. 

II.  To  draui  the  prt^ectiom  of  the  points  B  and  C  on  a  jitm 
perpendieuiar  to  the  instantaneous  axis,  and  to  find  tke  eow^M^tm 
motion  of  those  points.  In  B  C,  &g.  39,  take  I  F  ^  I'  A';  dnr 
A  G  pnrallel  and  F  G  perpendicular  to  B  C,  cutting  each  oiber  m 
G;  join  IG;  this  line  will  be  the  lahatment  of  I  A-  Ifma  ff 
and  C  let  fall  B'  H  and  0'  E  perpentlicular  to  I'  A'  (prodnota  if 
required).  lu  B  C  take  I  L  =  I'  H,  and  I  M  =  I'  K ;  then  G.  L. 
and  M  will  represent  the  respective  projections  of  A,  B,  and  C 
upon  a  piano  which  traverses  the  insbtntancouB  axis,  and  ia  per- 
pendicular to  the  second  plaae  of  projection.  From  L  and  U  W 
fall  LN  and  MP  perpendicular  to  I  G.  Then,  in  Gg.  40,  bt 
the  paper  represent  a  plane  of  projection  perpendicular  to  ibt  is- 
BtantaneoUB  axis :  let  A  be  the  trace  and  projection  of  that  axta,  tvi 
A  I  the  trace  of  the  plane  already  mentioned  as  being  perpecdic*:'  ' 
to  the  second  plane  of  projection  in  fig.  39.  Make  A  /  in  fi$  < 
=  NL  in  fig.  39,  and  Am  in  fig,  40  =  P  M  in  fig.  M.  iV-- 
2  B  in  fig.  40  perpendicular  to  A  I  in  fig.  40  and  =  H  B"  in  fig.  '■^■' . 
also  m  C  in  fig.  40  peqiendicular  to  A  i  in  fig.  40  and  =  K  C  la 
fig.  39.  Join  A  B,  A  C.  Then  B  and  C  in  tig.  40  wUl  be  tl' 
projeeliona  requirtd;  and  the  velocities  of  B  and  C  relativeU  I" 
A  will  be  papendieular  in  direction  and  proporlional  in  Titagmilii^ 
to  AB  and  A  C  reaptetivdy. 

Another  mode  of  finding  the  comparative  motion  of  A  and  B  a 
the  following : — According  to  the  principle  of  Article  54,  paga  52. 
the  component  velocities  of  B  and  C  along  their  line  of  connection, 
B  C,  are  equal.  Therefore,  in  fig.  30,  lay  off  along  B  C  and  FC 
the  equal  distances  Bd,  Ce,  Bd",  C'e',  to  represent  that  oflBi- 
ponent;  then  draw  (f  6' ci  6,  c'e'ce  perpendicular  to  BC,  cnltine 
B6in6,  Bi'infi',  Cc  in  c,  and  Cc' in  c';  then  B  6  and  B"*' win 
!»  the  projections  of  tlie  velocity  of  B  relatively  to  A;  and  0«aMd 
Cb'  will  be  the  projections  of  the  velocity  of  C  relatively  to  A 
Then,  by  the  nile  of  Article  19,  page  7,  find  the  lengths  of  tba 
linee  of  which  B  b  and  S  b',  C  e  and  C  c'  are  the  projections;  tba 
ratio  of  those  lengths  to  each  other  will  be  the  velocity- ratio  of  t^ 
two  pointa. 

71.  Van^rictMl  niMlMi  af  a  Blcld  Badv— Uow  complualed 
■CMTcr  liu  motion  of  a  rigid  body  may  be,  it  may  always  bi 
lytdsJ  M  made  np  of  a  change  of  poKition  of  the  body  aa  a 
yftBk    tlwti%  a  ttanslaUon  of  tha  body,  and  a  change  oCpoatlMtf 


e  body  retativel}'  to  eome  point  is  it ;  that  is  to  aaj.  as  haa  been 

im  in  the  prei^iiig  Article,  «  rotation  about  an  axia  traveraiug 

;  point,  whicli  axiu  may  be  either  permanent,  temporary,   or 

sous.     It  will  be  shown  further  on  tliat  a  I'otatiou  and  a 

a  parallel  to  the  pliue  of  rotation,  when  compounded,  oi'e 

^nt  to  a  motion  of  rotation  about  an  instantaneous  axis 

t  iierpendicalar  to  that  plane.      Hence  it  foliuwA,  that  if  a  rigid 

Lwdy  has  any  translation  combined  with  any  rotation,  the  transla- 

ia  to  be  resolred  into  two  components,  one  parallel  and  one 

ibI  to  the  plane  of  rotation ;  when  the  parallel  component  of 

E  tnuialation,  being  combined  with  the  rotation,  will  be  equivalent 

n  about  a  new  instantaneous  axis  perpendicular  to  the 

!  of  rotation ;    and  the  whole  motion  of  the   body  will    ba 

Divalent  to  this  new  rotation  combined  with  the  normal  com- 

t  of  the  translation,  the  direction  of  which  uoniponent  ia 

i  to  the  axis.     In  short,  how  complex  soever  the  motion  of 

■I  body  may  be,  it  is  at  each  instant  equivalent  to  a  helical 

r-l&e   motion  about  an  instantaneous  axi&      The  most 

lenuve  problem  that  can  occur  respecting  the  unrestricted 

I  of  a  rigid  body  at  a  given  instant  is  this ;    given  the 

ecus  velocitii^  and  dtrectionsof  motion  of  three  points  (say 

d  0),  to  find  the  motion  of  the  whole  body  at  that  instant. 

1  to  be  solved  by  chootung  one  of  the  jxiinta  (say  A),  and 

'  Bg  it  for  the  time  as  fixed,  and  determining  the  motions  of 

C  relatively  to  A.     Then,  by  means  of  the  rules  of  Artiela 

I  pnaition  is  to  be  determined  of  an  iustantaneoua  axis 

nog  A;  when  the  motion  of  the  whole  body  «-iU  be  com- 

Icd  of  a  rotation  about  that  axis  and  a  trani^lation  of  the 

bit  A,  carrying  the  instantaneous  axis  and  the  whole  body  aloug 


72.  ■« 


■■  Axil  or  »  r*iub«  Bsdr — The  following  pro* 
has  many  usoful  applications  in  mechanism : — T/ie  instan- 


rigid  bodt/,  which  rollt  willtoui 
J  upon  tha  ruTface  of  aatother  rigid   body, 
m  tkrvugh  ail  the  points  in  wliieh  thote  bodies''" 
&  eadt  other;  for  the  particles  in  the  rolling      \ 
f  which  at  any  given  instant  touch  the  fixed        \ 
J  without  slipping  must  have,  at  that  instant,     V.  \l 
lotfity,  and  must  therefore  be,  at  that  instant^  T 
a  inatantaneouB  axis. 

'er,  becanse  an  instantaneous  axis  is  a. 
inc,  it  follows  that,  in  order  that  two  su 
h  other  at  more  than  one  jKiint  may  roll  o 
>b  alipping, their  points  of  contact  must  all  lie  )a  one  bU'u^^ 
i  propeHj  of  plane,  cvJiadnc&l,  and  conical  surEaces  ot»\y, 
■  "lylindricai  "  aad  "corneal "  being  used  iu  the  geQei-a.\ 
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sense,  vhicli  compreliends  cylinders  and  cones  with  bases  of  uj 
figure,  as  well  as  those  with  circular  bases. 

In  fig.  41,  let  the  plane  of  the  paper  represent  a  pUne  aC 
projection  perpendicular  to  the  straight  line  in  which  the  fixed 
and  the  rolling  surfaces  touch  e.ich  other;  let  T  be  the  projectiaD 
and  trace  of  that  straight  line,  which  is  the  instantaneoos  axk  c< 
the  rolling  body.  Let  A  be  the  projection  at  a  given  instant  of  a 
)Kiint  in  the  rolling  body;  then  at  that  instant  A  is  moving  with 
a  velocity  proportional  to  A  T,  and  in  a  direction  perpendicular  to 
the  plane  tmvcrsing  A  and  the  iniitantaneous  axis,  of  which  |ilai» 
A  T  is  the  trace. 

It  follows  that  the  path  traced  by  a  point  snch  as  A  in  a  roUin; 
body  is  a  curve  whme  normal,  A  T,  at  any  ijiven  point,  A,  poMim 
through  the  eorrtupondituf  jiotition,  T,  of  the  imtanianeatt*  eon. 
Curves  of  this  class  ai-e  called  rotUd  eurvea;  and  some  of  them  ut 
useful  in  niechanism,  as  will  be  explained  farther  on. 

73.   Compaallisn  af  BMallaa  wllk  TniuliUlsH.— From  Article  53, 

page  30,  it  appears  that  the  single  rotation  of  a  body  abont  a 
tixed  axis  (such  as  O,  £g.  19,  page  26)  may  be  regarded  as  oom- 
pounded  of  a  rotation  with  equal  angular  velocity  about  a  morinr; 
tuis  parallel  to  the  fixed  axis  (euch  tm  that  whose  trace  is  A,  li': 
19),  and  a  translation  of  that  moving  asis  carrying  the  body  aloi,: 
with  it  in  a  circle  round  the  fixed  axis  of  the  radius  0  A.  -v 
similar  resolution  of  motions  may  be  applied  to  rotation  alnm 
an  instantaneous  axis.  For  example,  the  rotation  of  the  roUing 
body  in  fig.  41  about  the  instantaneous  axis,  T,  may  be  conceinxl 
to  bo  made  up  of  a  rotation  about  another  axis,  C,  parallel  to  the 
instantaneous  axis,  and  a  translation  of  that  axiti. 

The  present  Article  relates  to  the  converse  process,  in  which 
there  are  given  a  rotation  of  a  secondary  piece  about  aa  Kxic 
occupying  a  fixed  |)osition  in  the  piece,  and  a  translation  of  that 
axis  relatively  to  the  frame  in  a  direction  perpendicular  to  itself — 
tliat  is,  parallel  to  the  plane  of  rotation ;  and  it  is  required  to  find, 
at  any  instant,  the  instantaneous  axis  so  situated  that  a  rotation 
about  it  with  the  same  angular  velocity  shall  express  the  resultant 
motion  of  the  piece. 

In  fig.  41.  let  the  plane  of  the  paper  be  the  plane  of  motion. 
Mid  let  C  be  the  projection  aud  trace  of  the  moiing  axis — moving 
relatively  to  the  frame,  but  fixed  as  to  its  position  in  the  secondary 
piece.  Let  C  U  be  the  direction  nf  the  translation  of  that  axis, 
carrying  the  moving  jiiece  with  it ;  and  let  the  velocity  of  tian^- 
tiou  bo  so  related  to  the  angular  velocity  of  rotation  as  to  be  equal 
to  tho  velocity  of  revolution  about  tbe  axis  C,  of  a  particle  whoae 
...  ,        ...       ■    ■    f,  w       velocitv  of  translation      _ 

distance  from  that  axis  is  CT  =  — --, =-^- .     Draw 

angular  velocity 
C  T  of  tbe  length  ao  determined,  in  a  direction  ] 
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»  C  U,  and  pointing  towards  th«  right  or  towftrds  the  left  of  C  U, 
according  aa  the  rotation  is  right--banded  or  left-bauded.  Then  T 
will  be  (A<  projedion  and  tract  of  the  required  in»tantaneoua  axia; 
so  tbvt  if  A  is  the  projectioa  of  any  point  in  the  moving  piece, 

r  direction  of  motion  of  that  point  a  perpendicular  ta  the  plana 
ee  trace  ia  A  T;  and  the  velocity- ratio  of  A.  und  C  is 


AV 


TA 
TU" 


The  proof  that  T  ia  the  instanlaneoio  axis  is,  that  any  particle 
whose  projection,  at  a  given  instant,  coincides  with  T  is  carried 
Inckward  relativdy  to  C  by  the  rotation  with  a  speed  equal  and 
opposite  to  that  with  which  C  ia  carried  forward  by  the  trantilation; 
K>  that  the  resultant  velocity  of  every  particle  at  the  instant  when 
ita  projection  coincides  with  T  is  nothing. 

74.  RsIIIbs  af  a   CiUmtta  mm  ■  PbuMh^TroelwId— «rrl*U.      {A. 

M.,  386.) — Every  straight  line  pai^tlel  to  the  moving  a:cis  C,  in  a 
cyltndnoil  sarface  described  about  C  with  the  radius  C  T,  beeoniea 
in  tarn  the  instantaneooa  aiia.  Hence  the  motion  of  t!ie  body  ia 
the  same  with  that  produced  by  the  rolling  of  such  a  cylindrical 
ntrfaoe  on  a  plane,  FTP,  parallel  to  C  and  to  0  U ,  at  the  distance 
CT. 

The  path  described  by  any  point  in  the  body,  such  as  A,  which 
is  not  in  the  moving  axis  C,  is  a,  curve  well  known  by  the  name  of 
ttoekoiiL  The  particular  form  of  trochoid,  called  the  cydoid,  ia 
dcacribed  by  each  of  the  points  in  the  rolling  cylindrical  surface. 

75.  tt»aim%  *f  «   riMne  •■    s  Crllndert 

M.,  387.) — Another  mode  of  representing 
tbe  combination  of  rotation  with  tranala- 
tion  in  the  same  plane  is  as  follows: — lu 
fig.  42.  let  O  be  the  projecti 
on  the  plane  of  motion  of  a  Sxed  axis, 
abont  which  let  the  plane  whose  trace  and 
projection  ia  O  C  (containing  the  axis  0) 
rotate  (righthandedty,  in  the  figure)  with 
a  given  angular  velocity.  Let  a  sewindnry 
pi«ce  have  reUitievLy  to  the  rotatin</  jdane, 
and  in  a  direction  perpendimLir  to  it,  a, 
translatioa  with  a  given  velocity.  In  the 
plaDU  O  C,  and  at  right  angles  to  tbo 


I 
I 

I 


O,  t-ie  OT  = 


velodty  of  tmnslation 
angular  velocity 
Ttilority  which  the  point  T  in  tie  rotating  ptoTte  has  at  a  give:; 
instaot,  ^lall  be  in  llie  contrary  direction  to  the  equal  velocity  of 
taaaUtion  which  the  tecondary  piece  has  relatively  to  the  rotating 
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plane.     Then  ettcli  point  in  the  eecondaiy  piece  which  i 

the  position  T,  or  at  any  position  in  a  line  traversing  T  paralMfl 

the  fixed  axis  O,  ia  at  rest  ttt  the  inMlant  of  its  oocupyiug  tf 

position;  therefore  the  line  traveraing  T  patallel  to  the  fixed  ■:  

O  ia  the  irutantaruo'ue  asa»;  the  motion  at  a  given  instant  of  taf 
point  in  the  secondary  piece,  such  as  A,  is  at  right  angles  to  tM 
plane  whose  trace  ia  A  T,  perpendicular  to  the  instantaneous  axis; 
and  the  velocity  of  that  motion  bears  to  the  velocity  of  the  tiu*- 
lation  the  ratio  of  T  A  to  T  0. 

All  the  lines  in  the  secondary  piece  which  miccessiTely  <xaa^ 
the  position  of  instantaneous  axb  are  situated  in  a  phuie  of  tut 
body,  FTP,  perpendicular  to  0  C ;  and  all  the  positions  of  tfc* 
instantaneous  axis  are  situated  in  a  cylinder  described  aboirt  0 
with  the  radiuB  O  T ;  so  that  the  motion  of  the  seoondaiy  |Hece  b 
such  as  ia  produced  by  the  rolling  oftlie  pUme  whoie  trace  u  P  P 
on  the  cylinder  whose  radius  is  O  T.  Each  point  in  the  seoondair 
piece,  such  aa  A,  describes  a  plane  spiral  about  the  fixed  axis  Ol 
For  each  point  in  the  rolling  jdane,  F  F,  that  q>iral  is  the  iaeolvle^ 
the  drde  whose  radius  ia  O  T,  being  identical  with  the  curve  tiMsd 
by  a  pencil  tied  to  a  thread  while  the  thread  ia  being  unwnj^ied 
from  the  cylinder.  For  each  point  whose  path  of  motion  tiarenea 
the  fixed  axis  O— that  ia,  for  each  point  in  a  plane  of  the  secondaiy 
piece  traversing  0  and  parallel  to  P  P — the  siiiral  is  Archimedeui, 
having  a  radius-vector  increasing  by  a  length  equal  to  the  citcoa- 
ference  of  the  cylinder  at  each  revolution, 

76.    CoMrmillaii  Bf  BcnUaDB  abnl  ranllal  Axes.     (.j.  if.,  3S&) 

— In  figs.  43,  44,  and  4S,  let  0  be  the  projection  and  trace  on  ths^ 


Fig.«. 


Fig.  44. 


F^.  45. 


plane  of  rotation  of  a  fixed  axis,  and  0  C  the  trace  of  a  t 
tmveraing  that  axis,  and  rotating  about  it  with  the  angular  velodtf 
a.  Lirt  C  be  the  projection  and  trace  of  an  axis  in  that  plane^ 
parallel  to  the  fixed  axis  0;  and  about  the  moving  axis  C  lat  a 
BMondaiy  piece  rotate  with  the  angular  velocity  b  rdativdff  t»  Hi 


«  O  C;  and  let  the  directions  of  the  rotations  a  and  b  he  distin- 
Hfttiiiliedby  pMitiveand  negativu  aigna.  The  body  ia  aaid  to  have  the 
iot»tknia  kbout  the  p&railel  ax«s  O  and  C  eotnbiiied  or  compounded, 
Kod  it  is  lequiied  to  find  the  result  of  that  combiaatlon  of  parallel 


Fig.  43  reprweiitB  the  case  in  which  a  and  b  are  similBr  in 
dirvctkm:  fig.  44,  that  in  which  a  and  6  are  in  oppo«it«  directions, 
kixl  h  la  the  greater ;  and  fig.  i5,  that  in  i^-hich  a  and  6  are  in 
owosite  dircctioQt,  and  a  is  th«  greater. 

Let  tb»  tMu*  O  C  of  the  rotating  plane  be  intereected  in  T  by  a 
iteai^t  line  parallel  to  both  axes,  in  such  a  manner  that  the 
distances  of  T  (Uk  trace  of  that  line)  from  the  fixed  uiid  moving 
axes  respectively  shall  be  inveiselj  pro{>oTtioiial  to  the  angular 
velodtiea  of  the  component  rotations  about  them,  as  is  expressed 
by  tiie  following  proportion : — 

a:6:  :CT  :0T (1.) 

Wlten  a  and  b  are  similar  ia  direction,  let  T  fall  between  O  and  C^ 
as  in  fig.  43;  when  they  arc  contrary,  beyond,  aa  in  figa.  44  and  45, 
Then  the  velocity  of  the  line  T  o/tke  plane  O  C  is  a  -  OT;  and 
the  Telocity  of  the  line  T  of  tie  gecondari/  piece,  nlalivdy  to  tiie 
fUau  0  C,  is  £  -  C  T,  equal  in  amount  and  contrary  in  direction  to 
the  former;  therefore  each  line  of  the  secondary  piece  which 
trnrea  at  th«  position  T  ia  at  rest  at  the  instant  of  its  occupying 
that  poaittcn,  and  i&  Uien  llie  inatarUaiMOiui  axu.  The  re^dlant 
tutfutar  wttodty  a  given  by  the  equation 

«-•  +  »;■ (2.) 

iv^ud  being  had  to  the  directions  or  rigna  of  a  and  h;  that  is  to 
■aj,  if  ve  now  take  a  and  6  to  represent  arilhmetieal  magnitudes, 
and  affix  explicit  mgns  to  denote  their  directions,  the  direction  of  o 
will  be  the  satne  with  that  of  the  greater ;  the  caae  of  fig.  43  will 
te  Rpi«aeBt«d  by  the  equation  2,  already  given;  and  those  of  figi: 
44  and  45  respectively  by 


I 


The  rfrlatire  proportiooa  of  a,  b,  and  c,  and  of  the  distances 
'■-lvr«n  the  fixed,  moving,  and  instaataneoos  axes,  are  given  by 

a:i:,!::CT:0T:OC 

TIm  notioD  of  any  point,  such  as  A,  in  the  secondary  piece, 
according  to  the  principle  of  Article  72,  ia  at  each  instant  at  right 
a^c*  to  the  plane  whoae  trace  is  A  T,  drawn  from  the  point  A 


J 
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or  MACHnntT. 

;  and  Um  rekwityof  6it 

=  «--*-T (i.) 

_  -  .  -.    .' 

{A.  M.,  389.) — Alt  tbe  liiMS  in  the  fecoadatj  piece  which  v 
sirdj  oocupf  the  pomtioa  of  instuit&Deous  axis  are  atoated  in  ■ 
^Undrical  mi&oe  described  about  C  witti  tbe  radius  C  Tj  and  lU 
the  pcntwns  of  the  instantuieOTiB  sxia  are  contained  in  a  eyltadnai 
smnce  deaciibed  aboat  O  with  the  i^dius  O  T ;  therefore  Utt 
RBottMnt  motion  of  the  aecondsTy  pieoc  is  that  which  is  pndnted 
by  rolling  tbe  foaner  cylinder  on  the  latter  cylinder. 

In  fig.  43  a  convex  cylinder  rolls  on  a  con%'ex  cylioder;  iii  '■ : 
44  a  emaller  convex  cylinder  rolls  in  a  la^r  concave  cyli^ . 
in   fig.  45  a  larger  eoDca\-ie  cylinder  rolls  on  a  amaller  cui; 
cylinder. 

Each  point  in  the  rolling  rigid  body  trsces,  relatively  t*  tbe 
fixed  axis,  a  curve  of  the  kind  »lled  ^tUrochoidt.  The  epitrodioid 
traced  by  a  point  io  the  surface  of  the  rolling  cylinder  is  a 

In  certain  cases  the  epitrochoids  become  curves  of  a  more  nDBle 
claaa.    For  example,  each  point  in  the  moving  axis  C  traces  a  dree. 

When  a  cylinder  rolia,  as  in  6g.  44,  within  a  concave  cyiindec 
of  double  il»  radio),  each  jioint  in  the  surface  of  the  rolling  cjltBikt 
moves  baclcwards  and  forwards  in  a  straight  line,  being  a  dianwW 
of  the  fixed  cylinder ;  each  point  in  the  axis  of  the  rolling  crlinder 
traces  a  cii'cle  of  the  fame  radius  with  that  cylinder;  and  eaoiotkv 
point  in  or  attached  to  tbe  rolling  cylinder  traces  an  ellipM  d 
greater  or  less  eccentricity,  having  its  centre  in  the  fixed  axis  0. 
This  principle  has  been  made  available  in  instnuuente  for  draviai 
and  turning  ellipses. 

There  is  one  ca.se  of  the  composition  of  rotations  about  ponlM 
axes  in  which  there  is  no  intlaniaTteoiu  axi»;  and  that  is  when  the 
two  component  rotations  are  of  equal  speed  and  in  contrary  diieo- 
tions;  for  then  the  resultant  is  sivaply  a,  IraTulatum  of  the  seooodaty 
piece  along  with  tbe  moving  axis.  This  may  be  illustrst«d  )»J 
referring  to  fig.  33,  page  44,  where  the  tranalution  of  tbe  coopling- 
rod  C  D  may  be  looked  upon  as  the  resultant  of  tbe  oombinatioa 
of  the  rotation  of  the  crank  A  C  about  A,  with  an  equal  aaj 
contrary  rotation,  Tflativdy  to  tk»  crank,  of  C  D  about  C. 

78.   CnnMw*  f  InralBles  af  CIrcteo.  Epl'ril*U*i  >Bd  Cf**-^^ 

It  is  often  useful  to  determine  the  radtua  of  curvature  of  a  ndlcd 
curve  at  a  given  point,  especially  where  the  fixed  curve  and  ralliiig 
enrve  are  circles,  and  where  the  tracing  point  is  in  the  < 
ferenco  of  the  rolling  curve. 
Id  the  cue  of  the  involute  qfa  dnle,  tbe  radius 
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(t^ven  point  is  Bimply  the  length  of  a  normal  to  the  curve  at  that 
point  measured  to  the  point  wbei-e  that  normal  touches  the  circle; 
thftt  is  to  Bay,  it  is  the  length  of  the  stmigLt  ]iat't  of  the  thread 
used  in  drawing  the  involute. 

lii  the  case  of  h  eycloid  (tmced  by  a  point  in  the  circumferencA 
of  a  cylinder  which  rolls  on  s  plane)  the  radius  of  curvature  at  a 
pTieu  point  is  twice  the  length  of  the  normal  measured  from  that 
point  to  the  corresponding  iostaataneous  axis. 

In  the  cnse  of  an  epicycloid  the  construction  for  finding  tlm 
radius  of  eurvatnre  is  shown  in  fig.  46;  the  right-hand  division  of 
die  fignre  giving  the  construction  for  an  exterTial  ^cyclind,  I  A, 
traced  by  a  point,  A,  in  the  surface  of  a  cylinder,  the  ti'ace  of 


s  is  C,  rolling  oidgUle  a  Gxed  cylinder,  the  trace  of  whose 
axis  is  O;  and  the  left-hand  division  giving  the  construction  for 
an  internal  epifyctoid,  I  A',  traced  by  a  point.  A',  in  tho  surface  of 
a  i^linder,  the  trace  of  whose  axis  is  O,  rolling  intide  the  S9.ma 
flxtsl  cylinitiT.  The  followio^  deacriptioD  applies  to  bolb  diVia\cin» 
of  tht*  Sgurv:  it  being  observed  that  at  tile  led-hand  ude  \.\iftLl 
iHten  MV  aoeeated^ — 
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Let  T  be  the  trace  of  the  instantatteoas  axis,  or  Ime  of  watut 
of  tlte  cylinders,  at  the  instant  when  the  tracing  point  is  at  A;  m 
that  A  T  is  the  normal  to  the  epicycloid  at  A,  and  O  T  and  CT 
the  radii  of  the  fixed  and  rolling  cylinders,  being  two  parts  of  tmt 
straight  line.  Through  0  Ararv  O  E  parallel  to  A  C.  Biaeet  0  T 
in  D,  and  draw  the  straight  lino  A  D  E,  cutting  O  E  in  R  Tliioagh 
£  draw  E  F  parallel  to  O  T,  and  cutting  A  T  (produced  a«  &ru 
required)  in  F.  Then  A  F  will  be  the  radius  of  curvature  of  tk 
epicycloid  at  the  point  A. 

The  fallowing  formula  serves  to  find  A  F  by  caknlation; 

^-  =  ^^^' <■> 

It  is  sometimes  more  convenieut  to  calculate  the  distance,  T  F,  ol 
the  centre  of  curvature,  F,  from  the  iastaotaaeous  axia,  T,  and  that 
is  done  by  the  following  formula: 

T  p  „  ^  T;OD  _  A  T^J". 

*~       CD       "2  CD    ' '"' 

the  use  of  which,  in  designing  the  teeth  of  wheels  by  Mr,  WilUa'f 
method,  will  appear  farther  on. 

79.  T«  Draw  Uaiied  Curves— A  rolled  Curve  may  be  diavoby 
actually  rolling  a  diao  of  the  form  of  the  rolling  curve,  carcyinga 
suitable  traciisg  point,  upon  the  edge  of  a  disc  of  the  form  of  the 
tixed  curve.  But  it  needs  much  care  to  perform  that  operation  wita 
accitracy,  except  with  the  aid  of  machinery  specially  contrived  Sat 
the  purpose,  such  as  is  to  be  found  in  certain  kinds  of  turning  Utbca. 

For  ordinary  purposes  in  designing  machinery,  approximal* 
methods  of  drawing  rolled  curves  are  used,  such  as  the  following: — 

I.  To  draw  approximaidy  a  rolled  curve  by  the  hdp  of  btngad 
cir<^.—Jn  fig,  47,  let  A  B  be  the  fixed  curve,  and  A  D  tba 
rolling  curve,  touching  the  fixed  curve  at  A,  which  is  also  Ott 
position  of  the  tracing  point  at  starting.  The  curve  A  D  rolb 
from  A  towards  B;  and  it  is  required  to  draw  approximately  tbt 
curve  traced  by  the  point  A  By  Rule  III.  of  Article  £1,  paga 
29,  lay  off  on  each  of  the  two  curves  A  B  and  A  D  a  series  of 
e<jual  arts,  A  1,  12,  23,  34,  ic.  Measure  the  straight  chord  fiom 
1  to  A  on  the  curve  A  D,  and  with  II  =  lA  as  a  radius,  and  tlM 
point  1  on  the  cun'e  A  B  as  a  centre,  draw  so  much  of  a  cirde  ■• 
lies  near  the  probable  position  of  the  rolled  curve;  measuin  tiw 
atraight  chord  from  2  to  A  on  A  D,  and  with  22  =  2  A  as  a  radhi^ 
and  the  point  2  on  the  curve  A  B  as  a  centre,  draw  in  like  manner 
jiart  of  a  circle ;  and  go  on,  in  the  same  way,  drawing  a  series  o^ 

*  The  iimof  of  thia  is  u  toMaws :—  Let  the  radiai  of  tbe  rolling  cytindcr, 
C  A  -  C  T  >  <■:  let  that  of  the  axed  cylmder,  0  T  -  It,  wtiit^  m  Is  ba 
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dimlsr  arcs  with  the  points  1,  S,  3,  4,  &c,  ia  the  fixed  curve  A.  B, 
for  Uiieir  centrea,  and  for  their  radii  tho  lines  11,  22,  33,  44,  <tc, 
respectively  equal  to  the  diataaces  1  A,  3  A,  3  A,  4  A,  Ac,  as 

1  between  poiiita  oa  the  rolling  carve.     Then,  with  the 


lot  tile  imtuit&neaua  vai^nM  oc 
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free  hand,  or  with  the  help  of  r  bent  spring,  draw  a  ctirve.  A  i, 
eo  as  to  touch  aL  those  circular  arcs ;  tlua  will  be  t«ij  nnrijr  ibi 
rolled  curvG  reqaited. 

The  curve  A  E  is  called  the  "  Envelope "  of  the  aenM  of  « 
that  it  touches. 

II.  To  find  a  aeriet  qfpoinla  in  a  roiUd  curve. — Drew  m  tent*  rf 
tangent  circular  arcs  as  in  the  preceding  rule;  then  daw  d« 
several  normals,  II,  23,  33,  44,  &c.,  us  radii  oftlic»e  4Rs;  At 
direction  of  each  normal  being  determined  by  the  ptinciple,  lli«t  "l 
the  poiut  where  it  meete  the  fixed  curve  A  B,  it  makes  an  aagli 
with  a  tacgcnt  to  that  curve  equal  to  the  angle  whidi  tlw  oon 
normal  of  the  eiiicydoiil  T  A  =  n ;  and  let  the  trooired  radina  ef  anrcai 

Let  the  uiRnlnc  velocity  of  the  rolling  cylioder,  rtlatirtiji  to  lib  pMrf 
pfaae  0  C,  bo  ilcaoted  by  b,  and  that  <^  the  plane  0  C  by  a,  ao  thM  I 
reanltant  onipilat  vducity  of  the  roliinB  cylinder  ia  a  +  £.  Then,  b«ai 
the  angle  C  T  A  is  the  complement  of  one-half  of  the  ao^  T  C  A  '^ 
evident  that  the  an^inlar  velocity  oTT  A  ia  a  +  ^. 
76,  aE  =  6r;  therefore 


'hi)- 


.<..(..^)^.  =  »(1 

and  the  point  A 

traces  an  arc  of  the  length 

d,  =  la  +  b)pdl  =  b(\ 

therefore  the  radiui  of  curvature  of  toe  epicycloid  at  the  point  A  a 
2  ■*"  K 


jK  +  r 


This  fonnnia  is  made  U 
R  =  oi,  when  it  becomes  >>         ,  .  .    .    _    __ 

making  r  =  co,  when  »e  havu  p  =  p.    When  the  epicycloid  ia  ir      , 

K  and  r  denote  arithmetical  rnlues  of  thoae  radii,  the  ngn  —  ia  to  bsaa 
■btuted  for  +  both  in  the  Duiuerator  and  in  the  denominator  of  the  JbtMd 
The  symbolical  exprc«ioa  for  equation  2  of  the  text  ia 


-P  = 


'ft  +2  r* 


with  the  Mme  Dndentaading  as  to  the  sini  in  the  denominator-  In  the  <w 
already  referred  to  at  the  end  of  Article  77,  when  a  cylioder  Rtlli  iniiUs 
cylinder  of  twice  its  diameter,  we  have  K  =  ~  2  r.  and  the  dtnomiMtat  U 
the  (tapresaion  for  p  becomes  =-  0 ;  showinu  that  the  radina  of  cnrvatan  it 
iniinit« ;  or,  in  other  wonL  that  the  ejncycloid  traced  ii  a  (ttai^  Vmt,  H 
■*■*-'  '"  *''-  '-**     When  tha  rolling  cyUnder  is  couoav^  r  is  iwgplilM. 
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■  ':p:  roiling  Purve  A  D,  makes  with  a  tangent  to 
.  .  rrresponding  point.     Thus  aro  foimd  a  series  of 
■    I  r  ,  L  i:,  3,  4.  ic,  on  the  rolled  curve  A  E,  at  the  ends  of  the 
1.  -T-j.iLs  fn>in  thft  corresponding  ixiinta  on  the  fixed  curve  A  B, 

']  lu'  tw^>  preceding  Bnlcs  are  apiilicable  to  fixed  and  rolling 
^riri'.i  of  all  figarefl  whateoever.  When  both  curves  arc  circles, 
■■hv  fiuding  of  a  series  of  points  ia  facilitated  by  drawing  the  circle 
I'C,  which  contains  the  successive  positions  of  the  centre  of  the 
:rilltng  circle;  then  markiag  thoee  successive  pOEitions,  1',  2',  3',  4', 
tc,oa  the  circle  C  C,  by  drawing  radii  through  the  corresponding 
j^iinta  1,  2,  3,  4,  Sic.,  on  the  circle  A  B ;  then  drawing  the  rolling 
'.irrJe  in  its  several  succ«asive  positions  (marked  with  dots  in  the 
figure),  and  laying  off  the  chords  11,  33,33,  44,  Jcc,  of  thdr  proper 
ksgtlta  npoD  ihoae  positions  of  the  rolling  circle,  which  chorda  will 
be  «  wriM  of  normais  to  the  rolled  curve  A  E. 

ni.  To  of^proximatt  to  the  figure  of  an  epicydoidal  arc  by  vteans 
^«Ne  arcuXor  arc  By  the  method  of  the  preceding  Rule  draw  the 
MtBttl  to  the  enicycloidul  arc  in  question  at  a  point  near  ita  middle. 
Fw  exaaiple,  if  A  3  ie  the  arc  of  the  epicycloid  A  £,  whose  figure 
■  to  be  approximated  to  by  means  of  one  circular  arc,  draw  the  nor- 
■d  22  bjr  Rule  II.  Then  conceive  that  norntid  to  be  represented 
ly  AT  in  %  4G.  page  57;  and  by  the  method  of  Article  T» 
nd  tb«  correKponding  radius  of  curvature  A  F  and  centre  of 
niTittun!  P.  A  circular  arc  described  about  F,  witit  the  radius 
F  A  (Gg.  46),  will  be  an  approximation  to  the  epiuycloidal  arc, 

*~  is  the  Npproximation  used  in  Mr.  Willis's  method  of 
ig  teeth  for  wheels,  to  be  described  farther  on.  It  ensures 
>  tli«  dnmLar  arc  Hhall  have,  at  or  about  the  middle  of  its  length, 
*■•  «UDe  pcoition.  direction,  and  curvature  with  the  epicycloidal 
we  for  which  it  i»  substituted.  Towards  the  ends  of  the  arcs  they 
pidaaitr  ilevitkt«  from  each  other. 

IV.  To  approximate  to  the  figure  of  an  epicydoidal  arc  6y  vteant 
tfUeo  eircular  arc».  This  method  of  approumation  is  closer  than 
the  ptvio«ding,  but  more  Uborioua.  It  substitutes  for  an  epicydoidal 
arc  a  curve  made  up  of  two  circular  arcs;  and  the  approximate 
mrrr  coincide*  exactly  with  the  true  curve  at  the  two  enils  and  at 
DIM  intcnnedinte  point,  and  has  also  the  same  tangents  at  its  two  ends 

Snppose  that  A  and  B  (tig.  4S)  are  the  two  ends  of  the  epicy- 
doidal an:  ia  which  an  approximation  is  rerpiircd,  and  that  A  C  and 
BC  MV  ncmnaU  to  the  arc  at  those  points:  the  positions  of  the 
cDils  of  the  arc  and  directions  of  its  normals  having  been  determined 
\rf  Bule  II.  of  this  Article.  Let  C  be  the  point  of  intersection  of 
lilt  Bomuilii.  Oraw  the  tangents  A  D  perpendicular  to  AC,  and 
it  D  prtprfidicilUr  to  B  C,  meeting  each  other  in  D.  Draw  tW 
ftnigbt  lino  DC,  mb^ biaect  it  in  M,  About  E,  with  t\ie  vmAvm* 
£I>  -  jrt;  Aifonbe  M  eirol^  which  wi/1  paas  through  the  loMl  ' 


68 


aXOKXTBY  or  MACHmBT. 


Draw  the  streigbt  line  Q  D,  i 


pointa,  A^  D,  B,  C.    'Dra.w  the  dknetia  F  E  O,  biaecUDg  tiw  m 

ABinFnudthearcBCAiaQ. 

Q  which  take  a  H  =  O  A  =  O  K 
Throng  H,  puallel 
to  F  £  G,  dm*  the 
Btraight  line  H  K I^ 
cutting  A  C  m  K 
and  B  G  in  L.  T^m 
about  X,  witlt  As 
radios  K  A  =  K  H, 
draw  tJie  drcnlar  no 
AH;  and  abent  h, 
with  the  ladina  L  H 
=  L  B,  dimw  Oa 
drcnlararoHB:  tba 
curve  n^de  op  ci 
thoaa  two  ginidar 
area  will  be  a  doM 


epicycloidal  arc,  bal- 
ing the  same  pontiiis 
and  tangenta  at  iti 
two  endi,  and  being 
yery  near  to  the  trm 
arc  at  all  intermadiata 
points. 

It  maybe  rematked 
tbat  GH  •=  GA  = 
GB  =  ^(HK-HI) 
approxiniat«i  yttf 
closely  to  the  lanan 
ladiiu  of  cnmtnn 
of  the  ^ncfdoidal  an 
A  B;  also  thai  tka 
prooesa  deacrabad  ia 
applicaUe  to  the  a^ 
lOYiximata  drawing  of 
Kg.  48.  many  cuma  beaidea 

,  ,  epit^oida;  and  that 

the  ratio  of  the  two  radii,  H  L  :  H  E,  deviatoa  leoa  fhun  eqoalita' 
than  that  of  the  radii  of  any  other  pair  of  circnlar  ar«  whi^ 
can  be  drawn  so  aa  to  touch  A  D  in  A  and  B  D  in  B,  and  also  to 
touch  each  other  at  an  intermediate  point* 

•  Thi*  may  be  eipre«i.rf  .ymbolJMJly  by  rtatiM  that  f  ^' -^  ?- \'k  a 

/      ntvi  \  as. -ah  J 
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RHthMioB  mt  BsiMioH  IB  Q«a«*i.~The  following  proposi- 

sbow  ho*r  the  rotation  of  a  rigid  body  about  a  given  axis, 
Lrd  or  install taneooB,  may  be  resolved  into  two  compoaeab 
tations  about  any  two  axes  in  the  same  plane  with  the  actual 

1,  Pjuuij-EL  a  trs. — The  rotation  of  a  rigid  body  about  a  given 
M  it  eqvivalenl  to  the  residlant  of  lino  eompoTteitt  rotations  about 
»  axta  parallel  to  the  given  atcis  and  in  t!ie  eame  plane,  the  angular 
iodtj/  qfeach  of  tie  Ihree  rotalums  being  proportional  to  the  di^tanet 
tteem  tiie  axes  of  the  other  two  rolaiions. 

In  fig.  49,  let  the  plane  of  the  paper  be  perpendicular  to  tho 
parallel  axes,  and  let  C  be  the  trace  of  the  axla  of  the 

Q  resultant  rotation,  and  A  and  fi  the  tracee 
of  the  axes  of  the  component  rotations;  all 
three  axes  being  in  the  same  plane,  whose 
trace  is  A  C  B.     Let  the  angular  relocitiea 

A,  B,  C,  I 

be  respectively  proportional  to 

B  C,         C  A,         A  B. 
As  the  figure  ia  drawn,  all   three  angular 
N     vekicities  are  of  the  same  sign,  because  A  B 


I 


Fig-  «. 


=  E  C  +  C  A,  If  C  lay  beyond  A  and  B, 
instead  of  between  tbera,  A  B  would  be  the 
difierence  of  BC  and  CA,  instead  of  their 
mm  ;  and  the  lesser  of  these  two  distxnct's  and  of  the  correspond- 
ing angular  velocities  would  have  to  be  considered  as  negative. 

Let  H  be  the  projection  of  a  particle  in  the  rigid  body,  which 
pMrtide  is  moving  in  a  direction  perpendicular  to  H  C,  with  a 
Telocity  proportional  to  C  H  ■  A  R  Then,  Jirgt,  from  H  let  fidl 
H  D  perpendicular  to  A  B;  then,  by  the  principles  of  Artiole  55, 
f»go  33,  the  component  velocity  of  H  in  the  direction  H  D, 
irketbeT  dae  to  rotation  about  A,  B.  or  C,  is  the  same  with  that 
of  «  particle  at  D.  Xow  the  velocities  of  a  particle  at  D  due  to 
the  ntationa  about 


A. 


B, 


Btav  propartional  respectively  to 

r  +AD-BC;  -BDCA;  +CD-AB; 

nd  CD-AB  =  AD-BC-BDOA;  therefore  this  com- 
puiMit  of  the  velocity  of  the  particle  H  due  to  tlie  rotation  about 
C  ia  the  resultant  of  the  corresponding  oomponenta  due  to  the 
znlBtions  about  A  and  B  respectively. 

SaoamOi/.   Through  U  draw  E  G  H  F  paraUel  to  A  0  B,  and 
an  H  lei  bll  the  per^xiudiculara  A  E,  B  F,  C  G.     Then,  by  the 
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principles  of  Article  55,  page  33,  the  compoaent  velocitie*  of  B 
along  E  F  due  to  the  rotations  about  the  axes  A,  B,  and  C  in 
respectivelj  e^iinl  to  the  velocities  of  E  doe  to  rotation  about  A, 
of  F  due  to  rotation  about  B,  and  of  G  dne  to  rotation  about  C; 
and  because  AE  =  EF  =  CG,  tliese  velocities  are  reaiiectivelj 
y>roportional  to 

BC,         CA,         AB; 

But  AB  =  BC  +  CA;  therefore  the  component  along  E  F  «( 
the  velocity  of  the  particle  H  due  to  the  rotation  about  C  ia  tb 
resultant  of  the  corresponding  coin)Kinent  velocities  due  to  the  rota- 
tions about  A  and  B  respectively.  Therefore  the  whole  velocitjof 
the  particle  H  due  to  I'otatiou  about  C,  with  an  angnlar  veloo^ 
proportional  to  A  B,  is  the  resultant  of  the  velocities  of  the  hum 
particle  due  respectively  to  rotations  about  A,  with  an  angular 
velocity  proportional  to  B  C,  and  about  B,  with  an  angnlar  vdoctty 
proportional  to  C  A.  And  this  being  true  for  every  jiarticle  at  the 
rotating  body,  is  true  for  the  whole  l>ody:  Q.  E.  I). 

II.  Iktebsectino  Azcs. — T!i«  rotation  of  a  rigid  body  ahmU  a 
ffiven  axis  is  equivalent  to  the  resultant  of  two  eomponarU  rotaliom 
about  two  03X8  in  the  same  plane  loilh  thefirat  axis,  and  cuttiny  il  w 
one  point;  t/te  ang^ilar  vdocitiea  of  the  component  and  rendUuU  fMo- 
iions  beiriff  proportionai  Tespectirely  to  llie  sides  and  diagonal  tf » 
paraU^ogram,  whidi  are  parallel  respectively  to  the  three  axtt  ef 
rotation. 

In  fig.  50  the  upper  nght-hand  part  of  the  figure  reprvantts  ■ 
plane  perpendicular  to  the  resultant  axis  of  rotation,  O'.  F  h 
the  projection  of  any  particle  on  that  plane;  and  the  direction  of 
motion  of  any  particle  wiiose  pi-ojection  is  F''  ia  perpendicular  to 
O'F'. 

0'  Y'  and  O'  Z'  are  the  traces  of  two  planm  perpeiidical»r 
to  the  first  plane  of  projection  and  to  each  other;  »ud  D'  and  B* 
are  the  projections  of  F'  on  those  planes  i-eapectively.  According 
to  the  principle  of  Article  55,  page  33,  the  component  velodiy 
patnllel  to  0'  Y'  of  the  particle  whose  projection  is  F'  is  the  aaaie 
I  with  the  velocity  of  a  particle  at  D";  and  its  component  velocity 
parallel  to  O'  Z"  in  the  same  with  that  of  a  particle  at  £". 

The  npi>er  left-hand  part  of  the  figure  repi'eaents  the  plane 
wboM  trace  on  the  first  plane  of  projection  is  O  Z" ;  O'  X',  on  ibia 
second  plane,  ia  the  axis  of  rotation ;  C  Z'  i»  the  trace  of  the  tint 
plane  of  [)rojection ;  and  D'  is  the  projection  of  F ',  and  is  Ibe  Mune 
point  that  is  marked  D'  on  the  first  plane.  The  lower  part  of  the 
figure  represents  the  piano  whose  trace  on  the  tirst  plane  of  ptv- 
jrction  is  O"  Y",  and  on  the  second  plane.  O  X'.  On  thia  wild 
plane  O  X  in  the  uxih  of  rotation,  and  also  the  tiuce  of  the  asoood 
plane;  0  Y  is  the  trace  of  the  lint  plane;  E  ia  the  prajecticn  of 


EESOLDTIOM   OF  ROTATION, 


F,  and  is  the  same  point  that  is  marked  E"  on  the  first  plaoej  O 
Lj  the  projectioa  of  I>\ 


Tbe  pontions  of  the 
u  tber  both  tmvi 
o  eaeb  other. 

Id  O  X  take  O  C  proporlioital  to  the  anfcular  velocity;  and 
aake  it  point  ao  that  to  an  observei'  looking  from  O  towards  C 
tba  rotation  shatl  seem  right-handed. 

From  O  draw  any  two  lines,  O  A  and  0  B,  in  the  third  planu; 
ftom  C  iiww  C  B  parallel  to  A  0,  and  C  A  parallel  to  B  0,  so  as 
U>  «iiiiplet«  the  parallelogram  O  B  C  A.  Then  the  proposition 
ttetc*,  that  a  right-b&nded  rotation  about  O  A,  with  an  angular 
ndocitj  proportional  to  O  A,  and  a  right-banded  rotation  abont 
O  h,  with  an  angular  velocity  proportional  to  0  B,  being  oombioed, 
an  «qnivsIont  to  the  actual  rotation. 

To  pcore  this  for  a  particle  at  £!,  it  is  to  bo  considered  that  tlie 
BOtiofia  impreaKd  on  E  by  the  throo  rotations  separately  are  each 
nf  lb<m  perpendicular  to  the  third  plane;  also,  that  the  velocity 
of  S  doe  to  any  one  of  the  three  rotations  is  proportional  to  the 
ai^vlar  velodty  of  that  rotation  multiplied  by  the  perpendicular 
iSrtaDce  of  E  from  the  axis  of  that  rotation,  and  is  thereforo  ^ro- 


J 


C6  GEOMETRY  OF  MACmNERY. 

portioiULl  to  the  area  of  a  tnangle  having  for  its  base  tlie  kngA 
marked  on  that  axis,  to  represent  that  angular  velocity,  and  for  its 
summit  the  point  E;  so  that  the  velocities  of  a  particle  at  £  due 
respectively  to  the  rotations  about 

0  A,  OB,  0  0 

are  proportional  respectively  to  the  areas  of  the  triangles 

0  AE,  OBE,  OCR 

Through  A  and  B  draw  A  G  and  B  H  perpendicular  to  O  C,  and 
join  E  G  and  E  H.     Then,  by  plane  geometry, 

O  A  E  =  O  G  E j  and  O  B  E  =  O  H  E  =  G  C  E; 

therefore 

OCE=OGE+GCE=OAE+OBR 

So  that  the  velocity  of  E  due  to  the  actual  rotation  about  O  0  is 
the  resultant  of  the  velocities  due  to  the  rotations  about  O  A  and 
O  B ;  the  angular  velocities  being  proportional  to  the  lengths  laid 
off  on  the  axes  respectively. 

To  prove  the  same  proposition  for  a  particle  at  D",  whose 
projection  on  the  third  plane  is  O,  it  is  to  be  considered  that  the 
perpendicular  distance  of  this  point  from  the  three  axes,  O  A,  O  B, 
and  O  C,  is  identical,  being  the  lino  marked  O"  D"  and  O'  I>  on 
the  first  aod  second  planes ;  so  that  the  velocities  of  D  due  to 
the  three  rotations  are  simply  proportional  to  the  three  angolar 
velocitiea  To  represent,  then,  those  three  velodties  as  pwyeted 
on  the  third  plane,  draw  Oa,  0  6,  and  O  e  perpendioolar  and 
proportional  respectively  to  O A,  OB,  and  0  0.  It  is  erideni 
that  Oa,  Oh,  and  Oc  are  the  sides  and  diagonal  of  a  panl- 
lelogram  similar  to  O  B  O  A ;  and  therefore  that  tbe  TelMly 
of  D"  due  to  the  actual  rotation  about  O  0  is  the  resoltaiit  of  tbft 
velocities  due  to  the  rotations  about  Q  A  and  O  B,  the  angular 
velocities  being  proportional  to  the  lengths  laid  off  on  "die  ases 
respectively. 

The  proposition,  therefore,  is  proved  for  both  oomponeatB  of  tho 
▼elodty  of  a  particle  at  F" ;  and  it  holds  for  any  partide  wboae 
projeotioii  on  a  plane  perpendicalar  to  the  axis  O  O  is  F";  that  is, 
for  every  particle  of  the  body,  and  therefore  for  tiie  wholo  bo^^ 
Q.RD. 

It  appears,  then,  that  xctetions,  when  represented  by 
laid  crff  on  their  axes  proportional  to  their  angolar  veloeitMS, 
be  componnded  aiid  reeolved,  like  linear  veloci&Sy  by  cosistnidling 
nmnlidogaaaB, 


Fig-  51. 


COMFOSITIO!(  OP  BOTATIOIIS. 

1  fi^  51,  let  0  A  be  a  fixed 
Loo  rotate  with  t^  angular 
T^locitj  a.  Let  tlie  plane  i>f 
projection  be  that  of  those  two 
Axes  &t  a  given  instant.  Let  O  C 
be  an  asis  in  the  rotating  plane; 
and  about  tLit  axis  let  a  seci 
«rv  piece  rotate  with  the  angular^ 
velocity  b  relatively  to  the  rotat- 
ting  plane;  and  let  itbe  required 
to  find  the  inBtnotaiieoiis  axis  and  the  reanltant  angular  velocity 
of  the  Becondary  piece.  From  the  principles  of  Article  80, 
Propoeition  II..  page  64,  the  fiillowing  rule  is  deduced: — 

On  O  A  take  O  a  proportional  to  o;  and  on  0  C  take  O  6 
yiroportional  to  fi.  Let  those  lines  be  taken  in  snch  directions 
tikat  lo  an  ofa«erTer  looking  from  O  towards  their  extremities  the 
oomponmt  rotations  shall  seem  both  right-hauded.  Complete  the 
[■■ndlclogcKm  Obea;  the  diagonal  O e  will  be  the  instantaneona 
axia;  Mid  ita  length  will  represent  the  resultant  anyular  vdocUy. 
AatAiaa  mode  of  viewing  the  queetioQ  is  as  follows : — 

BNanse  the  point  O  in  the  secondary  piece  is  fixed,  the  instan- 
taneoos  axis  most  traretse  that  point.  The  direction  of  that  axis 
is  ik-t«rnitned  by  considering  that  each  point  which  arrives  at  that 
line  most  have,  in  virtue  of  the  rotation  about  O  C,  a  velocity 
irlatiTely  to  the  rotating  plane,  equal  and  directly  op|>ase<l  to  that 
which  the  coincident  point  of  the  rotating  plane  has.  Hence  it 
iMawm  that  the  ratio  of  the  perpendicular  distances  of  each  jioint 
in  the  iDBtantaneous  axis  from  the  fixed  and  moving  axes  respoct- 
H«ly — that  is,  the  ratio  of  the  sines  of  the  angles  which  the 
iiutauituieous  axis  niakea  with  the  fixed  and  moving  axes — must 
be  Um  nciprocal  of  the  ratio  of  the  component  angitlar  velocities 
«bo«t  tboM  axes;  or  if,  in  symbols,  OT  be  the  iustantAneoua  axis, 


iiAOT  :ainCOT  -.-.h-.a 


..(1.) 


Tkt  nsollanl  uigalar  velocity  about  this  instantsneoua  axis  is 
foitnd  by  ooniddering  that  if  C  be  any  point  in  the  moving  axis, 
tlw  HoeM"  vdocity  of  that  point  must  be  the  samo  whether  com- 
puted from  the  angular  velocity,  a,  of  the  rotating  plane  about  the 
fixed  mxa  OA,or  Irom  the  resultant  angidar  velocity,  c,  of  the  rigid 
body  about  the  instantaneous  axis.  That  is  to  say,  let  C  D,  C  £ 
be  fvpandJculara  from  C  upon  O  A,  O  T,  respectively;  then 

a  •  CD  =  e  ■  CE; 
liTG -.'OS,  :  :  Min  A  O  C  :  tin  COT;  and  theteforo 
naCOT:mnA0C  :  :  a  :  e- 


I 
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and,  oombiniDg  tbis  proportion  with  that  given  in  eqaation  1,  ^ 
obtain  the  following  proportional  eqaation  : — 


0& 


oM 


That  is  to  say,  Hut  angular  vdocitieg  of  (he  eomponmU  and  remltr.: 
ratatiom  are  each  proportional  Co  Oie  sine  of  the  angle  betujten  tim  a^ 
of  the  other  tteo;  aud  (Ae  diagonal  of  the  parallelo^mtn  O  H  c  a  m~ 
tenit  bslh  the  direction  of  the  inala7iianeous  axia  and  Utf  a»j-.- '■ 
vdodti/  about  that  axis. 

83.  R*iuiv  c«»-  (A.  if..  393.>— All  the  lines  which  «ii.>: 
aively  come  iuto  the  position  of  instautaneooa  axis  are  sitaat^ii  . 
the  snrface  of  a  cone  described  by  the  revolution  of  O  T  bI-'. 
O  C;  and  all  the  positions  of  the  instantaneous  axis  lie  id  ;1. 
surface  of  a  cone  described  by  the  revolnlion  of  O  T  aboat  1 1  -\ 
Therefore  the  motion  of  the  secondary  piece  is  such  as  woull 
produced  by  the  rolling  of  the  former  of  those  coues  npoii  ~ 
latter.  Circular  sections  of  the  two  cones  are  sketched  In  pei^w^ 
tive  in  £g.  51. 

It  is  to  be  understood  that  either  of  the  cones  may  beooiM  a 
flat  disc,  or  may  be  hollow,  and  touched  internally  by  the  o(b«r. 
For  example,  should  .ei  A  OT  become  a  right  angle,  the  fixed c<m 
would  become  a  flat  disc;  and  should  ..^AOT  become  obttMv 
that  cone  would  be  hollow,  and  would  be  touched  internally  tf 
the  rolling  cone;  and  similar  changes  may  be  made  in  the  ralliDg 
cone. 

The  path  descril'ed  by  a  point  in  or  attached  to  the  rolling  MM 
is  a  sjJierical  epilroclwid;  and  if  that  point  is  in  the  surface  of  tha 
rolling  cone,  tiat  curve  becomes  a  sp/ierieal  epicytimd.  It  will  U 
shown  in  the  next  chapter  how  to  draw  such  curves — not  exacliv, 
but  with  a  degree  of  accuracy  suBicicnt  for  practical  purposes, 

S3.  BcMiBiivB  at  Helical  mMicn — The  resolution  of  helical 
screw-like  uifition  into  rotation  about  an  axis  and  translation  al':  ^ 
that  axis  has  already  been  treated  of  in  the  lost  section  of  the 
preceding  chapter.  It  remains  to  be  shown  how  a  helical  motin 
may  be  regarded  as  compounded  of  two  rotations  about  two  axes 
which  are  in  different  planes. 

In  fig.  52,  let  the  lower  part  of  the  figure  represent  a  jJane  rf 
projection,  and  O  A  and  O  B  the  projections  upon  that  phuie  rf 
two  axes  which  are  both  parallel  to  it,  but  not  in  the  same  pUDc. 
Let  the  upper  part  of  the  figttro  represent  a  second  plane  of  pR>- 
jection  perpendicular  to  the  first  plane;  and  let  F  O'  be  tfca 
projection  on  that  seeond  plane  of  the  common  perpend'adar  tt 
those  two  axes  (Article  36,  p^e  U).     Let  a  rigid  bodjr  ittn  > 
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1  oompouniled  of  two  rotations  about  the  two  axes  respect- 
f,  with  angiilar  velocities  represented  by  O  A  and  O  B,  these 
I  being  drawn,  as  before,  so  that  to  an  observer  at  O  each 
'ion  shall  ap^tear  right-banded. 


Jig.  B2. 


Con^oce  the  p&rallelogram  0  A  C  B,  and  draw  its  diagonal 

O  C.     Then,  if  the  ases  O  A  and  O  B  were  in  the  same  plane,  the 

ntetioita  abont  them,  being  combined,  would  be  equivalent  simply 

^^B  A  rotation  represented  by  O  C,  as  in  Articles  80  and  61,  pages 

^^KXei  tlio  second  plane  of  projection  be  now  supposed  parallel  to 

^^BC;  aud  let  P  A',  U'  C,  and  G'  B'  be  the  rcsjfective  projections 

^^O  A,  O  C,  and  O  B  upon  it.     Draw  A  D,  B  E,  and  F  O  G 

peipendicular  to  O  C,  and  A  F  and  B  G  parallel  to  O  C.     It  ia 

obriotw  that  0  D  =  F  A,  O  E  =  G'  B',  and  F  O  =  0  G. 

Aoooirdtng  to  Article  60,  Proposition  II.,  page  C4,  the  rotation 
mted  by  O  A  may  now  be  regarded  as  compounded  of  a 
o  rtture8ent«d  by  O  D,  abont  an  axis  of  which  0  D  and 
A'  an  the  projections,  and  a  rotation  represented  by  0  F,  about 
K.dds  of  wluch  O  F  and  the  poiot  F  ui^  the  projections;  also, 
•  nitatjon  represented  by  0  B  may  bo  r^arded  as  compouudecl 
im  rotation  represented  by  O  E,  about  an  axis  of  which  U  E  and 
■  S'  are  t^  projections,  and  a  rotation  represented  by  O  G,  about 
B  axn  of  which  O  G  and  the  point  G'  are  the  projections. 
Thma,  luxordursr  to  Article  76,  page  54,  the  rotations  aboui  t\ia 
ptn/M  «*»  -PA  and  O'  B",  being  combined,  are  equivBlent  to  ft 


=  r  A'  +  ff  B  ; 

iM  dmkc  Uie  djxlaace  F  G  : 


:  F  GT  :  C  C* :  or  r. 


lb  fad  tfe  rm^  a  V  BOl*^  eoBitnictiait,  dnw  F  If 
■■iBil  ^  i  IT  mJ  (7  ff  M^dta  B  0,  otltiBg  ea^  oihtt  t- 
ffTAea  «fe«^  ff  ^v  H- a  C  pnlU  to  O  a 


■— ^*fa        III' 

ittfasiBrMd&,  ■»• 


ited  bf  O  F  •ad  0  < 

to  A>tkie76,  paseM,  tbej  are  ajninl'i 
-'      O  C,  witk  a  tdod^  R^coMilel  i ; 


d  wiUi  the  icmltaat  iot«t^  '- 
r  the  lemltant  motioa  of  '-i- 


4fa>|«DdK«OF'F& 

IsaA  tnadartioa  bcaag  eonpoBBdedi 
nyiMmttJ  faf  OC  mw  fiBa%,  for  tt 

bcHf^.aUM^MafMNi.   ' 

7^  ^Adl  «f  A*t  Mkal  motion,  or  adTsnoe  per  torn,  is  fbuu 
hf  wnltqifjriiig  tbe  rate  of  adTmnoe,  O  P,  F  G',  by  the  time  of  <m 

■'"'  '" —  '  and  is  therefore  equal  to  the  n'l  rmiijTfMMi  ^ 

-^-^ — .     Dmw  F  K  perp«)dic«kr  to 

O  B,  and  G'  K'  perpendicular  (o  O  A,  cutting  each  other  in  H 
{whit^  will  be  in  the  stnigbt  line  HOC).     Then  it  m  eri 
that  F   K'   G'  and   C   A    O  are   simflar  triatiglea;    and    bee 
D  A  =  O  F,  we  have  the  lbUoiri[,g  proportion : — 


ThereTore  tA«  pil<A  qf  lAe  remltant  kdieal  motion  u  epuU  I*  dm 
eireurn/erettce  of  a  eirels  tohom  radiua  i»  O'  R';  and  Uia  rttk^ 
tdfunn  may  be  represented  by  Ute  product  O  C  ■  O*  K'. 

j*-  ■•llt^B  DT^rkslalAb— Conceive  the  strai^t  line  O  0  to 
npMaeiit  an  indL-Gniteij-  long  straight  edge,  rigidly  &stened  to  tlw 
■*»  O  V;  and  sweeping  along  with  that  arm  round  the  aiia  O  A; 
thm  ooneaJTa  the  Mine  dtiuiglit  line  to  be  rigidly  fastened  to  the 
arm  O*  0',  and  to  awttep  along  with  this  ami  round  the  axis  O  R 
I'Inu  mgwimM  a,  pair  of  aurikoea  called  RoUiag  Mfpm^tkH^ 
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I  touch  «*ch  other  all  along  the  otn^ht  line  O  C.  Fig.  53 
Aowa  tli«  geaeml  appeemice  of  a  pair  of  roUeri  of  thai,  form;  and 
in  fig.  5i  the  projections  of  their  fipirea 
»re  given  with  greater  preciaioQ.  It'  ouo 
of  ihose  bodies  is  fixed,  aod  the  other  made  ■/< 
to  roll  u}>on  it,  they  continue  to  touch  each 
other  in  a  straight  line,  which  is  the  iii- 
Mantaueoug  axis  of  the  rolling  bodj;  and 
th«  rotation  about  that  instantaneous  axia 
is  accompanied  by  a  sliding  motion  along  Fig,  G3, 

the  same  axis,  so  aa  to  give,  aa  the  resnlto&t 

WDipouod  motion,  a  Lehcal  motion  about  the  instantaneous  axis, 
u  described  in  the  preceding  Article.  The  following  itrobkoi 
•ametimes  occnre  iii  mechanism : — 

Gimt,  lite  angle  beCween  lh«  dirtetiona  of  two  axet,  and  the  leiigtli. 
tf  their  eommori  perpeiidicidar,  to  draw  tlie  projeclions  of  a  pair  of 
rolling  hi/perboU^dt  of  wkieh  these  ehall  be  the  axes,  and  of  vihiijt 
one  thall  roll  on  tlte  oilier,  so  as  to  liave  component  angular  velocities 
Itaring  to  earh  oilier  a  given  ratio. 

Ltt  the  lower  part  of  fig.  54  (see  next  page)  represent  a  plane  to 
which  the  two  axes  are  parallel;  ami  let  O  a  and  O  fi  be  their  pro- 
j«ctioun  on  that  plane,  with  lengths  laid  off  npon  them  propoi-tional 
to  the  intended  component  angular  velocities.  Draw  b  c  parallel  to 
I.)  a,  and  a  c  pomllel  to  U  6,  cutting  each  other  in  c;  U  e  will  be 
tltrv  proJecticRi  of  the  line  of  contact,  or  instantaneous  axis;  and  the 
length  O  0  will  represent  the  resultant  anguhu*  velocity  (as  in  the 
pfwnsltDg  Article). 

Through  O,  j«rpendicnlar  to  O  c,  draw  O  G'  F,  and  lay  off  upon 
it  G'  P  e(]ual  to  the  given  commou  jierpendicular;  and  let  thu 
second  plane  of  projection  be  perpendicular  to  the  first  plane,  and 
jwxlld  to  O  c  and  G'  F.  To  find  the  projection  of  the  line  of 
eontact  upon  this  second  plane,  proceed  as  in  the  preceding  Article; 
tiMt  i^  draw  F  H"  and  G'  W  parallel  respectively  to  O  a  and  06j 
Bnd  H'  O*  parallel  to  O  e ;  H'  (y  will  be  the  required  projection. 
Thia  projection  may  also  be  found,  if  convenient,  by  either  of  tlw 
IbUowing  methods :  Draw  G'  K'  perpendicular  to  O  a,  and  P  K' 
■erpMnlicuIar  to  0  6,  cutting  each  other  in  K';  and  then  draw 
W  K'  O' parallel  to  Ac;  or  otherwise:— Draw  3  c/perpendicolar 
<■  O  c,  «nd  divide  F  ff  in  the  following  proportion : — 

"  fg    :    cf    :  eg 

: :  F  G'  :  O'  F  :  O'  G'. 

r  P  O  T  perpendicular  to  O  a,  making  0  U  =  0  Y  =P0'; 

►  draw  VUZ  perpenilicuhir  to  O  i,  making   OV    =    OZ    = 

^(T;  th«ii  U  O  Y  and  V  O  Z  wiU  be  tha  proj^ctiona  on  th«  fint. 
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plnne  of  the  gmaiUst  trantverse  aeetione,  or  what  may  be  called  iW 
■'titroaia"  of  the  two  hyperbololds;  -which  tranavew©  BectioM  «■ 


Fig.  54. 

circles  of  the  respective  radii  F  O'  ouil  G'  O'.  The  projectjona  of 
those  circles  on  the  second  plane  of  projection  are  tlie  ellipses 
U'  0'  Y'  and  V  O  Z',  drawn  according  to  the  principles  of  Article 
37,  page  l^i. 

To  find  the  projections  of  a  jiair  of  circular  transverse  sections 
of  the  two  byperbololds,  which  shall  cixisa  each  other  in  an; 
given  [xiint  of, the  line  of  contact,  let  T  and  T"  be  the  projections 
of  Uut  point  Then  draw  T  L  pcrjiondicular  to  a  O,  and  T  M 
peqiendicular  to  fi  O ;  L  and  M  viil  be  the  projections  of  the 
centres  of  those  circular  sections  on  the  first  plane.  Draw  P  L' 
and  G'M'  parallel,  and  LL'  and  MM'  perpendicular  to  Oe; 
L'  and  M'  will  be  the  projections  of  those  centres  on  the  aeocmd 
plane.  In  LO  take  L  N  =  F  0'.  and  join  NT;  then  in  LT 
produced,  take  LQ=  N  T;,  this  will  be  the  radius  of  the  i«qaiced 
aectioD  of  one  bjrperboloid;  sad  Q  will  be  a  point  in  the  hjparbolft 
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■  O-  whicli  is  the  longitucliaul  section  or  trace  of  that  surface  on  n 

pSuie  traversing  the  axis  J^  L',  and  parallel  to  the  tirst  plane  of 
pmjection.  Also,  in  M  0  take  M  P  =  G-  0',  and  join  P  T;  then 
iu  M  T  produced  take  M  E.  =  P  T ;  thia  will  be  the  radius  of  the 
required  Miction  of  the  other  hjperbolold;  and  R  will  be  a  point 
in  iho  hyperbola  Z  B,  which  is  the  longitudinal  section  or  trace  of 
this  snr&ce  on  a  piano  traTeteing  the  axis  G'  AI'  and  parallel  to 
lie  first  plane  of  pr«jection. 

Tbe  projection,  O  T,  of  the  line  of  contact  ia  an  asjn^ptote  to 
hoth  hyperbolas,  tlQandZR;  and  their  other  aaymjitotes  are  OW, 
making  LOW=LOT,and  OX,  making  MO  X  =  M  0  T. 

The  projections  on  the  second  plane  of  projection  of  the  two 
circular  transverse  sectiona  which  cross  each  other  at  tbe  point 
whose  projectioQS  are  T  and  T  are  two  ellipses,  drawn  according  to 
the  principles  of  Article  37,  page  15. 

By  the  same  process  may  be  found  the  projections  of  any 
re<]UEred  number  of  transverse  sections  of  the  two  rolling  hyperbo- 
lolds,  and  of  any  required  number  of  points,  such  as  Q  and  B,  in 
their  longitudinal  iiections. 

Additional  rulen  relating  to  the  construction  of  such  figures 
will  be  giren  in  the  next  chapter,  in  tbe  articles  which  treat  of 
their  ap^cation  to  Bkew-bevel  wheels. 

85.  HjUmdtt  K*IUk«  obliqaciT- — The  same  kind  of  resultant 
lODtion  will  take  place,  if  for  the  rolling  hyperbnlmda  there  be 
■qbstitttled  n  pair  of  cylinders  described  about  the  axes  whose 
projections  are  O  A  and  0  B, 
tg.  S2,  pa^  G9,  with  the  ^  / 
rapecUTe  radii  O-  F  and  , 
O'G';  provided  the  axis  ofC- 
tht  roUing  cylinder  is  guided 
■o  that  the  point  where 
i  it  met  by  tbe  common 
■  pcodicular  F'  G'  shall 
in  a  nrde  of  the 
t  T'G'  round  the  axis 
•  fixed  cylinder,  and  so 

the  inclination  of  those  Fig.  55. 

k  axes  to  each  other  shall 

□  conslnnt.    The  general  appearance  of  such  a  pair  of  cylinders 

ibown  in  6g.  55.     They  touch  each  other  in  a  point  only,  and 

i  •long  a  Btnight  line,  as  the  hyperboloids  do.     The  nnifomi 

'^  irer«e  aections  of  such  a  pair  of  cylinders  are  identical  with 

I  at  tbe  throats  of  the  corresponding  pair  of  hypeiboMdB. 

T  explanations   as  to    obliqnely-roUiag   eylindeia  ^i\\  ^ 

a  tbe  next  chapter,  under  the  head  of  Bcrew-gearing. 

fmaf  K»mmB  ownm^ir.  —  The   same   kind   o£  TesvAtaiA   , 


« 
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Fix.  GO. 


motion  may  be  effected  also  by  substituting  for  the  p«ar  of  hyp"- 
boloida  of  fig.  54,  page  72,  the  pair  of  conea  whit^  toncb  iiiir>- 
hyperboioids  in  the  pair  of  circles  that  cross  each  other  in  wtygi^i' 
point,  T,  of  the  instantaneous  oiis.  To  draw  the  projections  o! 
—  those  tangunt  cones,  let  0'  T 

in  fig.  5G  (as  in  fi^  54)  be 
the  instantaueouB  ma,  (X  tim 
[loint  where  it  cuts  the  com- 
mon perpendicuLir,  aad  T  the 
,  intended  point  of  coatut  of 
"^  the  cones.  From  O',  peTjMB- 
dicular  to  O-  T',  di»w  a  *  = 
->' OH' in  fig.  66;  jtmiTA;  ud 
'^perpendicular  toTA  dnw  Aj^, 
cntting  the  in^itantaneons  axit 
in  p.  Then  n  plane  normal  to 
the  instantaiieons  axis  at  p 
passes  through  the  atimmiu  of 
both  the  required  taogeat 
cones.  Therefore,  in  %  H, 
«n  Oe  iayoSOp  ^0'  p  of  fig.  56,  and  draw  qpr  perpendiculnrlo 
Oe,  cutting  0am  q  and  0  6  inr;  7  and  r  will  be  the  jirvjMtiotuy 
Uie  tummiCg  0/ lilt  tangent  cones  on  ijiejirit  plane  qfpnyaetum.  Tbe 
projections  on  the  same  plane  of  the  longitudinal  sections  or  traces 
of  these  cones,  upon  phines  traversing  their  axes  parallel  to  the  plane 
of  projection,  are  9  Q  and  r  R.  Also,  let  the  plane  of  fig.  06  be 
the  second  plane  of  projection,  and  let  F  L'  and  G'  M',  as  in  fig. 
Si,  be  the  projections  of  the  axes  of  the  hjperbololda,  and  F  0'  G 
that  of  the  eommon  perpend iculur.  Draw  q'p'r,  cutting  those 
uxes  in  q'  and  r';  tliesc  points  will  be  the  projectioHe  of  the  summili 
of  the  tangent  cones  on  l/ie  second  plane  of  projection.  The  projec- 
tions of  the  basts  of  these  cones  on  the  same  plane  ace  the  pair  of 
ellipses,  with  L'  and  M'  for  their  centres,  which  cross  each  other  at 
the  point  T,  as  in  fig.  64.     The  cones  touch  each  other  in  the 

Kiot  T  only,  and  not  along  a  straight  line,  as  the  hyperboioids  do. 
irthcr  explanations  as  to  obliquely- rolling  cones  will  be  fpxva 
in  the  next  chapter,  under  the  head  of  skew-bevel  wheels. 

87.    Bnail*  or   Fleilblti   Sccaadair  rii  1 1 11       r Hilii      r*al»i 

{A.  if.,  400,  401.) — The  flexible  pieces  used  in  uiachineiy  may  be 
clawed  under  three  heads: — Cord*,  which  approximate  to  a  round 
form  in  aectioo;  Beltt,  which  are  fiat;  and  Clutint,  which  consist  of 
«  series  of  rigid  Lnka  so  connected  together  that  the  chain  as  a 
whole  ill  flexible.  Mr.  Willis  gives  them  all  the  commoa  name 
of  wrappinij  conna-tora;  and  for  the  Bake  of  brevity  in  stating 
jirinciplwi  that  apply  Ut  them  all,  they  may  conveniently  be  callad 
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Jn  lulling  of  qneslioas  of  pure  mechanism,  tlie  teatre  lint  of  a 
hmd  ia  treated  oa  beu^  of  iaranable  length;  for  alUiougk  no 
ihrtWBJg  is  Afawlatdj  inextensible^  and  although  vhen  a  band 
pHBH  over  a  cnmd  sui&ce  the  concare  aide  is  shortened  and  the 
caui«K  «de  leiwtfaeaed,  still  the  vamtioiis  trf'  length  of  the  centre 
ham  of  tfce  hkod  u«,  or  oa^t  to  be,  piactically  inappreciable. 

Ib  oadar  that  the  figiRti  aad  motioa  of  a  band  ma;  be  detei^ 
Miaail  Aom  geometrical  prineqtlM  alone,  independently  of  the 
■apkade  and  distribation  of  foroea  acting  on  it,  its  weight  must 
be  iateanble  compared  with  the  tension  on  ii,  and  it  mnst  erenr- 
■boiv  ba  UglU;  ud  when  that  ia  the  case,  each  part  of  the  band 
wUd  is  not  straight  ia  maintained  in  a  carved  figure  by  paanng 
«wr  a  (0IWRC  smfaee.  When  a  band  is  guided  by  a  given  actual 
fTi*tf.  tbe  centR  line  of  that  band  may  be  regarded  as  guided  by 
an  iHagiiiaiy  suriace-  parallel  to  the  actual  surface,  and  at  m 
-*■■*"■**-  &om  it  equal  to  half  the  thickne»  of  the  band.  The  line 
in  wUdi  the  centre  line  of  a  band  lies  on  such  guiding  snr&ce  is 
the  ikartat  Ime  which  it  is  possible  to  draw  on  that  sur&ce 
betwaui  each  pair  of  points  in  the  course  of  the  band  (It  is  a 
wdl-kiwwa  principle  of  tiie  geometry  of  curved  surfaces  that  the 
oaewfah'ag  plane  at  each  point  of  such  a  line  is  perpendicular  to  the 
curved  Eorikce.) 

H«iM«  it  appears  that  the  motions  of  a  tight  flexible  baud,  of 
ioTaiiable  iMigth  along  its  centre  line  and  insendble  weight,  are 
(mUated  by  the  following  prindples : — 

X  1%e  Imgtk  iduem  tadi  pair  of  pomit  in  Ms  MnCm  lins  of  lAs 


n.  That  Unglk  it  the  Aorlat  line  vshidt  can  he  drawit  bttteten  iU 
atrtmilim  over  tke  nu/aee  in/  uduA  die  foOre  line  cf  Ike  ba»d 
mgmidei. 

^ks  motioBa  of  a  band  are  of  two  kinds — 

I.  ^arcUiog  of  a  band  along  a  track  of  invariable  form ;  in 
riikh  caaa  Ibe  Telootiea  of  all  points  of  the  centre  line  are  equsL 

n.  AUcntini  oTtbe  figure  of  the  track  by  the  motioD  of  the 


e  two  kinds  c(  motion  may  be  combined. 
na  wot  asnal  probleou  in  [oactice  respecting  the  motions  of 
aada  iin  tboae  in  wfaidi  lands  are  the  means  of  transmitting 
lll^hetw««ii  two  pieces  in  a  train  of  mechaiusui.    Such  problems 
^^^^^  ■  '  *B  tltenext  cbapter- 

taar  t»nvL,—A.  mass   of  fluid   may   act   as   a 
a  nacbine;   and  in  order  that  the  motion  of 

laay  be  a  Bnbject  nf  pure  mechanism,  the  volume 

hj  Uw  mam  must  m  oomtant ;  and  that  not  only  for  the 
M^  bnt  km  every  part  of  h,  bow  small  soever.  In  other 
IIm  And  mam  araat  m  entj  pact  be  of  constant  bulkinett; 
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thia  word  being  used  to  denote  the  volume  filled  by  an  Bnit 
mass;  for  example,  the  number  of  cubic  feet  filled  by  »  pound, 
the  number  of  cubic  metres  filled  by  a  kilogramme.     Every  Si  : 
whether   liquid   ov    gaseous,    undergoes    variations    of    bulkiii'-- 
through  varia.tions  of  pre.ssiu-e  and  of  temperature;  but  in  meciuui- 
ism  such  variatious  of  bulkinesa  may  be  either  so  small  that  thef 
may  be  disregarded  for  the  practical  purpose  under  ccnridenttion 
(as  in  the  case  of  moat  liquids),  or,  if  the  fluid  employed  be  gMcoas, 
Ihey  may  be  prevented  by  keeping  the  pressure  and  t«mpentan 
constAut. 

Under  such  conditions  tlie  motions  of  the  particles  of  &  bai 
mass  are  regulated  by  the  following  principle; — 

At  a  given  aeries  of  sediona  of'  a  glream  of  JIvmI  of  eomdmi 
biU&ines^,  the  fnean  vdoeities  at  each  inslant  of  tA«  fotrtviea  in  Aw- 
tiona  Twrmai  lo  those  sectiom  re^ectivdy,  are  inveraely  pnportlmtt 
to  the  areas  of  the  seetiont. 


CHAPTER  IV. 

OP  ELEUESTART  COUBIKATIOIIS  IK   IIECBAXISM. 

8ectu>X  I. — Definitions,  General  PrincipUs,  and  Classification. 

tmmuur  C«BblBiiiia»  l»FdBrd.  (A.  if.,  431.)  —  An 
I  "Beiuentary  CombiDRtion"  lu  Mecbauism  (a  term  introdaced  by 
kJIr.  WUlis)  consists  of  a  pair  of  primaTy  moviog  pieces,  bo  coti- 
|<4net«d  tbat  one  tTanemita  iDotion  to  the  other.  In  other  words, 
I  ^  quote  the  Article  Mechatwx  {Ajiplied),  in  the  eighth  edition 
«f  the  Bncye.  Brit.}— 

"An  elimentarj/  rvmliiitalion  in  mechaaism  consists  of  two 
pieces  whofie  kinds  of  motion  are  determined  by  their  connection 
with  the  frame,  and  their  compiirative  motion  by  their  conuectiou 
with  esch  other;  that  connection  being  effected  either  by  direct 
contact  of  the  jiieces,  or  by  a  connecting"  (secondary)  "piece" 
(racb  as  a  band,  or  a  link,  or  a  mass  of  fluid),  "which  is  not  con- 
Dected  with  the  frame,  and  whoee  motion  depends  entirely  on  the 
notioiM  of  the  pieces  which  it  connects." 

"The  piece  whose  motion  is  the  cause  is  called  the  driver;  the 
piccn  whose  motion  is  the  effect,  theJbUoteer." 

"  Tbe  connecljon  of  each  of  those  two  pieces  with  the  frame  is 
in  genera]  rach  as  to  determine  the  jiath  of  every  moving  j>oint  In 
tli«  ioTestigation,  therefore,  of  the  compamtivo  motion  of  the 
drirrr  and  follower,  in  an  elementary  combination,  it  is  uuneces- 
t»rf  tfi  conuder  relations  of  angular  direction,  which  arc  already 
&sed  by  the  connection  of  each  piece  with  the  frame;  so  that  the 
ii»qtili7  ia  CDDfined  to  the  determination  of  the  velocity- ratio,  and 
nf  tbe  directional^relation  bo  far  only  as  it  expresses  the  connection 
betwesn  forward  and  bachnard  movements  of  tho  driver  and 
follower.  When  a  continuous  motion  of  the  driver  produce.*  a 
CDntinnons  motion  of  the  follower,  forward  or  backward,  and  a 
rvciprootting  motion  a  motion  reciprocating  at  the  same  instant, 
the  directional -relation  is  said  to  be  ctmtlanl.  When  a  continuous 
motion  produces  a  reciprocating  motion,  or  vice  veraA;  or  when  a 
reciprocating  motion  produces  a  motion  not  reciprocating  at  tha 
■im«  instant,  the  directional-relation  is  said  to  be  vairiable." 

w  •/  CMUiKtio«.~In  every  class  of  elementary  combioa^ 
B,  ocMpt  those  ill  which  the  connection  is  made  by  rcd\i\AicaV:\ott 
iir«v>d|  <w  bjr  art  iotervening  Suid,   ttere  is  at  least  one  sltwaVt 


I 
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line  called  the  line  o/connecttan  of  the  driver  and  follower- 
&  liae  traveraing  a  pair  of  points  in   the   driver  and  foUoaw  ' 
respectively,  which  points  ore  so  connected  that  the  component  of 
their  velocitj  relatively  to  each  other,  resolved  along  the  line  of 
connection,  is  nulL 

91.  CampuBlIri!  Klollau  sfCHiBecMd  P*tMta  ■■«  PIccm.— Fr": 

the  definition  of  a  line  of  connection  it  foUowa,  that  cA«  eoo^MOf'--' 
qf  the  vekcUUs  of  a  pair  of  connected  f><».nta  along  their  line 
connection  are  fqw>i.  And  from  this,  and  from  the  prop«rtj  <i 
rigid  body  already  stated  in  Article  64^,  page  32,  it  foUoirs,  iW  ' 
components,  alimg  a  line  of  connection,  ofali  tite  points  Imvermd  , 
titai  line,  tok^ier  in  the  driver  or  ia  the  follower,  tuv  eqioL 

The  general  principle  which  has  just  been  stated  eervva  to  ahr 
every  problem  in  which — the  mode  of  oonnectioo  of  a  pur  of  piecB 
being  given — it  is  required  to  find  tfaeir  ootnparative  motits  ata 
given  instant,  or  vice  veriA, 

The  following  are  the  rules  for  applying  tliat  priiici|il0  to  tht 
three  classes  of  problems  which  most  frequently  occur  with  refcr- 
ence  to  elementary  oombinations  -.-^ 

I.  Pair  of  Poinlt ;  or  Pair  of  Sliding  Piecet.— In  Sg.  57,  hi  A  B 

be  a  line  of  connection;  and  let  it  be  taken  as  the  luds  of  prnjce- 

,  tioD.     Let  A  be  a  point  in  tlie  dtiw, 

and  D  a  point  iti  the  follower,  botk  in 

the   line  of  connection.     Let  X  ■', 

^i  A  a"  be  the  two  projections  of  lb 

'•  direction  of  motion  cif  A  kt  K  p*^ 

instant ;  and  let  B  &',  B  6'  be  tfao  tm 

projections  of  the  direction  of  motMU 

r  of  B  at  the  some  instant.     I^y  off. 

^g.  C7.  along  the  line  of  coonection  and  in 

the  same  direction,  the  equal  distancoi 

A  a  =  B  £ ;  draw  a'  a  a',  h'  b  U  perpendicular  to  the  tioe  of  «an- 

nectiou j  then  A  a'  and  A  a,  B  6' and  B  ii  will  be  tJie  fnjfirliiM 

(if  a  pair  of  liuea  pnpi^ 

tional   respectiveljr  to  Ab 

velocitiea  of  A  uid  B  at 

that  insL-mt     The  bngtlB 

of  those  lines  nuiy  be  mai 

''  by  the  Kule  of  Artid«  U, 

page  7. 

IL  Pair  c/  Tmrma^ 
Pisco,.— hi  fig.  58,  Irt  A  B 
be  tlie  tine  of  conneatum  «{ 
a  pair  of  turning  prinMBy 
pieces.  Let  A  «nd  B  ba 
the  points  where  that  !■— 
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biD^  hy  the  conunon  perpendicuJan  from  the  axes  of  rotataon  of 

>  two  picoeH.     (As  to  finding  such  oommoa  x>erpendiculars,  eeo 

"de  36,  page  15.)  Let  A  A'  and  B  B'  be  the  rabatmenla  of 
e  two  perpendiculars,  dtawn  in  oppoaite  diiectioDS.     Draw  the 

wglit  line  A'  B'  (called  the  ^tne  cf  eenlret),  cutting  the  line  of 

nnoctioD  in  I. 

Then,  because  tho  component  yelocities  of  A  and  B  along  A  B 
sra  equoJ,  the  angular  velocities  (or  the  component  angular 
Telocities)  of  the  diimr  and  Ibllowcr  about  axEB  ]>erpondieuliir  to 
A  B  niust  b<<  to  each  olher  I'n  the  im-erK  ratio  of  (lie  perpendwulaTa 
A.  A'  and  B  B' ;  or,  what  is  the  same  thing,  t'n  lite  inverx  ratio  of 
tht  MegmeitCg  I  A'  auU  I  B'  into  ichic/i  the  liTie  of  centres  ts  cut  by 
the  liiit  of  coniuictioit. 

HeuL-v  the  following  constniction ; — In  A  B  take  A  K  =  B  I 
(or  B  K  ^  A  I) ;  and  through  K  draic  an  oblique  stmight  line  in 
any  convenient  direction,  so  as  to  cut  A'  A  produced  in  c  and  B'  B 
produd-d  in  d;  then  the  component  augulaJ:  \'elocitii!a  of  the  pieces 
about  two  axes,  Ac  and  '&d,  perpendicular  to  the  line  of  connection, 
-will  be  to  each  otlier  in  the  direct  ratio  of  A  c  to  B  t£  Also  lay  ofE^ 
in  opposite  directions,  the  angles  B  A  a  andy B  h,  equal  to  the  angles 
which  the  two  axes  of  rotation  respectively  make  with  the  line  of 
connection,  and  draw  e  a  and  d  h  parallel  to  A  B,  cutting  A  a  and 
B  A  in  a  and  b  respectively.  Then  tlie  ratio  of  A  a  to  B  6  will  be 
Aat  of  At  resvltaiix  anffidar  vdoaliea  of  the  two  pieces. 

Through  A'  aud  B'  draw  A'  a'  and  B'  b'  ]>arallel  to  A  B;  and 
tbiDugli  a  and  b  draw  aea  aud  b/b'  perpendicular  to  A  B.  Then 
the  prop«Hiion  bomo  by  e  b  ^  A  c  =  A'  a'  to  </  6  ^  BJ'=  B'  6'  is 
th«t  of  the  compont^nt  angular  velocities  of  the  two  pieces  about 
axea  parallel  to  the  line  of  connection  A  R  Also  A  a  and  A'  a* 
represent  the  projections  of  the  axis  of  rotation  of  the  first  piece 
nponapairof  planers  which  cut  each  other  iu  As,  one  perpendicular 
and  the  other  parallel  to  the  common  perpendicular  whose  rabat- 
meiit  is  A  A';  and  B  b  anil  B'  b'  represent  the  projoctions  of  tbo 
axis  of  rotation  of  the  second  jiiece  upon  n  pair  of  planes  which  cut 
Ckch  other  in  B^  one  perpendicular  and  the  other  [larallel  to  the 
oommon  perpendicular  whose  rabatmout  is  B  B' 

III.  Turiii„y  Piece  and  Slidirwf  Piece.— In  fig.  JS,  let  A  L  b» 
the  lino  of  connection  of  a  turning  piece  and  a  sliding  piece, 
and  let  it  be  taken  for  the  axis  of  projection;  and  let  one 
of  tbe  pLiaes  of  projection  be  parallel  to  the  axis  of  the  turning 
|aeoe.  Let  A  a  and  A  a'  be  the  pnyections  of  that  alia;  so 
that  A  A'  perpendicular  to  A  L  is  the  common  perpendicular 
of  the  axis  and  the  line  of  connection.  Take  A  a  to  represent  the 
aiuiilar  reloci^  of  the  tnming  piece,  and  from  a  draw  a  c  parallel 
to  L  A,  cutting  A'  A  (produced  if  neceasaty)  in  c.  Then  A  a  will 
represent  the  component  angular  velocity  of  t^e  taming  [Meoa 


I 
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about  an  axis,  A  e,  perpendicular  to  A  L;  and  the  product  A  A"  At 
■will  represent  l/ie  camiionenl  vdoaly  <tfani/  poiat  in  A  L  alintg  Htd 

Let  L  l>e  a  point  ia  the  line  of  connection  and  in  the  iliitis^ 
piece ;  and  let  L  m  and  L  m'  be  the  projections  of  the  dirtiction  i^ 
niotioa  of  that  piece.  Lay  off  any  convenient  length,  L  I,  lo 
represent  the  component  velocity  of  the  sliding  piece  along  the  lino 
of  connection,  and  draw  mfm' perpendicular  to  that  line;  then  La 
and  L  m'  will  represent  the  Uco  pn^eetioui  of  the  cdociiy  tjf  it 
eliding  piece.  ■ 

Another  construction  isaa  follows: — Having  determined  thcaqrii  I 
which  the  direction  of  motion  of  the  sliding  piece  makes  with  the   ' 
line  of  connection  A  L,  draw  A'  I,  making  the  angle  A  A'  I  eqnd 
to  that  angle;  then  the  velocity  of  the  sliding  piece  will  tie  ei;tul 
to  that  of  rt  point  revolving  at  (A«  eTtd  of  the  arm  A'  I,  icHA  rt* 
anffjtiar  vioeity  refffe»eided  by  A  c. 

92.  AaUHatBCBU  mt  Hreed.— The  velocity-rotio  of  a  driver  and  iu 
follower  ia  sometimes  made  capable  of  being  changed  at  will,  by 
means  of  apparatus  for  varying  the  position  of  their  line  of  con- 
nection :  as  when  a  pair  of  rotating  cones  are  embraced  by  a  btfl 
which  can  be  shifted  no  as  to  connect  portions  of  their  surfaeei  of 
different  diameters.  Various  such  contrivances  will  be  deocribtd 
in  a  later  chapter. 

93.  A  l^viH  or  nrchnaiiH  consista  of  a  scries  of  moving  pieea, 
each  of  which  id  follower  to  that  which  drives  it,  and  driver  to  tint 
which  follows  it  In  the  case  of  a  train  of  elementary  combinatiaiit 
the  comparative  motion  of  the  lost  follower  and  first  driver  is  fbW 
by  multiplying  together  all  the  velocity-ratios  of  the  several  element 
ary  combinations  of  which  the  train  consists,  each  ratio  having  the 
directional-relation  with  which  it  is  connected  denoted  by  means  el 
the  positive  or  negative  algebraical  sign,  as  the  case  may  be.  TJw 
product  is  the  velocity-ratio  of  the  last  follower  and  first  driver; 
and  their  directional-relation  is  indicated  by  the  algebraical  sign  of 
that  product,  found  by  the  rules,  that  any  number  of  positive 
lactors,  and  any  even  number  of  nc^tive  factors,  give  a  poaitiw 
product;  and  that  any  odd  number  of  negative  &ctor9  gins  a 
n^ptive  product. 

'M.  BhnntatT  CnMMMisH  ckMril^The  only  classificattoa  of 
elementary  combinations  that  is  founded,  as  it  ought  to  be,  <■ 
compeiwtivo  motion,  as  expressed  by  velocity-ratio  and  directioiMt 
relation,  is  tliut  first  given  by  Mr.  Willis  in  his  Tnatise  on  P»n 
Mt^ianum.     Its  general  plan  is  as  followa;— 

ri*"  D  '  ^'"^'^^ '"'"''■  •*'''''°''  constant;  velocity-ratio  constant 

Uaas  B:  Directional -relation  constant;  velocity. ratio  varyina.  1 

LJaas  C:   Directional-relation   changing   periodically:    veloeiM 

ratio  constant  or  varying.  t>    a  t~  t,        "-Tra 
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Each  of  those   classes  is  sulxlirided  by  Mr.   Willis  into  fiva    , 
divisions,  of  which  the  chaiacter8  are  as  follows : — 

IMriaion  I. — Connection  by  roliing  eotUacC  of  surfuces,  aa  in 
tootliless  wheels. 

—  II. — Connection  by  diditig  coniact  of  surfaoM,  as  in 

toothed  wheels,  cams,  Ac. 

—  TIL — Connection  by  wrapping  connectors    oi"  hands, 

aa  in  pulleys  connected  by  belts,  cords,  or 
chains. 

—  rV. — Connection  by  Unk-work,  as  in  levera  and  cranks 

connected  by  means  of  rods,  he 

—  V. — Connection  by  reduplication  of  oords,  as  in  blocks 

and  tAckle  uacd  on  board  ship ; 
and  to  those  fire  divisions  may  be  added — 
Diviaion  VI. — Connection  by  an  inlervening  Jluid,  as  in  the 
hydraulic  prese. 

In  the  present  treatise  the  principle  of  the  classification  of  Mr. 
WilliB  is  followed;  fant  the  arrangement  (as  in  a  Manual  of  Applied 
Jftekanie*,  already  referred  to)  is  modified  by  taking  the  mode  of 
«onnettitm  as  the  basis  of  the  primary  classification. 

With  reference  to  classes  B  and  C,  in  which  the  velocity-ratio  is 
or  n^  be  varying,  it  is  to  be  oKserved  that  two  kinds  of  problems 
■rise  rwpecting  velocity-ratio:  the  determination  of  the  im«tan- 
lanaiu*  tidoeittj-ratio  at  the  instant  when  the  pieces  are  in  ona 
^vcD  poaition ;  and  the  dcteiTai nation  of  the  mean  vdocUy-ratio 
daring  the  internal  between  two  snch  instants:  the  latter  quantity 
is  tbo  tatjo  of  the  entire  motions  of  the  pieces  during  the  interval. 

Sectiox  \\.^}/ Rdling  Caniaei  awi  PUdi  Surfaee*. 

95.  nich  HortBca  are  those  surfaces  of  a  pair  of  moving  pieoea 
wbich  tonch  each  other  when  motion  is  commnnieated  by  rolling 
BDotact.  The  LiXE  OF  coKT&cT  is  that  line  which  at  each  instant 
ICftvenn  all  the  pairs  of  points  of  the  pair  of  pitch  surfaces  which 

l^n  in  conucL 

The  motion,  relatively  tn  the  line  of  contact  of  their  surfaces,  of 

"r  of  primaiy  pieces  which  move  in  rolling  contact,  is  the  same 

!&fa  that  of  a  eecondaiy  piece  and  a  fixed  piec«,  of  which  the  former 

"i  npoa  tJw  latter,  as  already  descrifw^l  in  Article  72,  page  61 ; 

'  '  ■  74  and  75.  pages  53,  54;  Article  77,  page  56;  Article 

■  .   .,•  W.  »n<J  Articles  84,  85,  86,  pages  70  to  74 ;  and  therefore 

ft  proper  Sgnrca  for  the  pitch  sur&ces  of  such  primary  pieces  ara 

lae  mhw;  t^t  is  to  say,  cylinders,  cones,  and  hyperboloide. 

96.  TMfbka*  WhccK  Belling   TMthltH   Badu.— Of   a    pair    of 
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prima.r7  moving  pieces  in  rolling  contact,  both  m&y  ii>tal«,  < 
one  lu&j  rotate  and  the  other  have  a  motion  of  stnight  iliding.  .' 
rotating  piece,  in  rolling  contact,  is  colled  a  tooUtUia  vAtd,  »i . 
sometimea  a  roller;  a  sliding  piece  may  be  called  a  toolAte**  rac/L 

97.  i*™i  Pitch  HarAce* — The  designing  of  pitch   sni&cfT^ 
used  not  only  with  a  vien'  to  the  making  of  toothless  wheels  g: 
toothless  racks  (which  nre  seldom  employed),  but  much  ofUmtr  . 
a  step  towarda  determining  the  proper  figured  fur  wheela  and  nt^ 
provided  with  teeth. 

The  pitch  surface  of  a  toothed  wheel  or  of  a  toothed  rack  ia  u 
ideal  smooth  surface,  intermediate  between  the  crests  of  the  tMtli 
and  the  bottoms  of  the  spaces  between  them,  which,  by  lollia^ 
contact  with  the  pitch  Burfaoe  of  another  wheel,  would  com- 
mimicate  the  same  velocity -ratio  that  the  teeth  communicate  br 
their  stilling  contact.  In  designing  toothed  wheels  and  mCka  tba 
forms  of  the  ideal  pitch  siirfaees  are  first  determined,  «nd  tnm 
them  are  deduced  the  ibrms  of  the  teeth. 

Wheels  with  cylindrical  pitch  surfaces  are  called  ipw  lAteUi 
those  with  oonical  pitch  surfaces,  bead  vAee^s;  and  those  with 
byperboloidal  pitch  surfaces,  ^iew-bevel  toheds. 

98.  The  Piieh  u»  of  a  wheel,  or.  in  circular  wheels,  the  PWCH 
CIKOLE,  is  the  trace  of  the  pitch  surface  upon  a  surface  penn- 
dicular  to  it  and  to  the  axis;  that  is,  in  spur  wheels,  upon  a  plase 
petpendicular  to  the  axis;  in  bevel  wheels,  upon  a  sphere  described 
about  the  apex  of  the  conical  pitch  surface;  and  in  skew-bercl 
wheels,  upon  an  oblate  spheroid  generated  by  the  rotation  of  u 
ellijiec  whose  foci  are  the  same  with  those  of  the  hyperbola  tlwt 
generates  the  pitch  snr&ce,  The  pitch  liae  might  be  ottawut 
defined,  in  most  cases  which  occur  in  practice,  simply  as  the  too 
of  the  pitch  surface  upon  a  plane  perpendicular  to  the  axia  of 
rotation. 

The  PiTcn  poisT  of  a  pair  of  wheels  is  the  point  of  contact  ''^ 
titeir  pitch  lines;  that  is,  the  trace  of  the  line  of  contact  njjon  v.. 
BBrfaoe  or  surfaces  on  which  the  pitch  lines  are  traced. 

The  pite/i  Um  of  a  rack  is  the  trace  of  ita  pitch  surface  on  a  j^ai. 
parallel  to  ita  direction  of  motion,  and  containing  its  liiie  of  cwii 
nection  with  the  wheel  with  which  it  works. 

A  SECTos  is  a  name  given  to  a  wheel  whose  pitch-line  forma  mlr 
p«rt  of  a  circumference:  sectors  are  used  where  the  motion  lequiivd 
ia  n^cipracating  or  ''rocking,"  and  does  not  extend  to  a  oonpleU 
revolution.  Everything  stated  respecting  the  figures  of  eoi^ebi 
wheels  applies  also  to  the  figures  of  sectora, 

99.  CIcMtia  CmMMcm  vT  reH«rt  K«UlB|  Cmact.  {A.  JT,  439.) 

— The  whole  of  the  principles  which  r^ulate  the  motions  of  a  ymx 
of  primary  pieces  in  perfect  rolling  contact  follow  from  tho  mgHe 
principle.  Mot  ea«/i  foxr  of  poinit  in  Ote  pitch  iMrfan 
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amiael  at  a  giren  inatanl  mtM  at  C/uU  iTtslant  he  moving  in  the  aatM 
ilireetum  vith  the  tame  veloidtr/. 

The  direction  of  motion  of  a  point  in  a  rotating  body  being  per- 
{lendicular  to  a  plane  passing  tLroiigli  ita  iixiH,  the  conditioo,  that 
cacb  pair  of  pointi  is  contact  with  each  other  must  move  ia  tiie 
sunc  direction,  leads  to  the  following  consequences  : — 

I.  That  when,  both  pieces  rotate,  their  axes,  and  all  their  points 
of  contact,  lie  in  the  same  plane. 

II.  That  when  one  piece  rotates  and  the  other  slides,  the  axis  of 
tiie  rotjiting  piece,  and  all  the  points  of  contact,  lie  in  a  plane  per- 
pmdicolar  to  the  direction  of  motion  of  the  sliding  piece. 

The  condition,  that  the  velocities  of  coch  pair  of  points  of  con- 
tact muat  be  equal,  leads  to  the  following  consequences ; — 

III.  That  the  angular  velocities  of  a  pair  of  wheels,  in  rolling 
contact,  must  be  inversely  as  the  perpendicular  distances  of  any 
[lair  of  points  of  contact  from  the  respective  axes. 

rV.  That  the  linear  velocity  of  a  rack  in  rolling  contact  with  a 
wheel  is  equal  to  the  product  of  tho  angular  velocity  of  the  wheel 
by  the  perpendieolar  distance  from  its  axis  to  a  pair  of  pointy  of 

IBapecting  the  line  of  contact,  the  above  principles  I IL  and  IV.        I 
Ind  to  tbv  following  conclusions : —  H 

V.  IliBt  for  a  pair  of  wheels  with  parallel  axes,  and  for  a  wheel      H 
and  (sck,  the  line  of  contact  is  straight,  and  parallel  to  the  axes  or        ■ 
■xia;   and  hence  that  the  pitch  surfaces  arc  either  cylindrical  or 
pUiM  (the  t«rm  "cylindrical"  including  all  sur&oes  genetated  by 
the  motion  of  a  straight  line'parallel  to  itself). 

TI.  That  for  a  pair  of  wheels  with  intersecting  axes  the  line  of 
'is  also  straight,  and  traverses  the  point  of  intersection  of 
;   and  henoe  that  the  rolling  surfaces  are  conical,  with  a 
n  apex  (the  term  "conical"  inclading  all  surfaces  generated 
hy  the  motion  of  a  straight  line  which  traverses  a  fixed  point). 

then  is  a  sort  of  imperfeeC  roUiiuf  eontaet  which  takes  place 
between  byperfaoloidal  pitch  eurfacea;  that  is  to  say,  there  is  ft 
■lidiDg  notion,  but  along  the  line  of  contact  of  the  surfaces  only; 
to  tlntt  the  compooent  motions  of  pointa  in  directions  perpen- 
iBfr^W''  to  the  line  of  contact  are  the  same  as  in  perfect  rolling 
iwntart.  This  kind  of  motion  will  be  conudered  in  treating 
spmiallj'  of  skew-bevel  wheels. 

100.  WbHi*  wMh   p>niic)    AsM.--GiveD,  the  positions  of  the 
I  ftXEs  of  a  pair  of  wheels,  and  their  velocity -latio  at  a  given 
,  to  find  the   pit«h-poiut.     Fig.  HO  represents  the  case  in 
h  tbe  directions  of  the  rotations  are  contrary;  fig.  60  that  in 
«ki^  they  are  the  same.    Let  the  plane  of  projection  be  perpendicu- 
lar to  Ibe  two  axea,  and  let  A  and  B  be  their  traces;  so  that  A  B 
m  the  line  of  centres.     Fer[>endicular  to  A  B  draw  A  a  and  B  b 


proportjonal  to  the  inteiided  augoUrvelociUes.     Dnw  the  ibn'!^* 
iiiie  a  b,  cnttiiig  A  B  (produced  if  necessary)  io  K.     Ia;  off  B  I  ~ 


Fig.  SO, 


Fig.  60. 


A  K  (or  A  I  =  B  K);  I  will  be  the  required  piuApoint  at  tn- 
of  the  line  of  contact 

The  line  of  connection  may  be  any  atmght  line  which  tn?"*-- 
I,  or  whose  projection  traverses  I;  as  C  D.  Let  A  C  and  B  I'  ':■ 
perpendicular  to  the  Line  of  connection  :  then  the  velocities  of  i' 
points  Cand  Dare  iduntical;  and  the  pei-pcndicuturs  A  C  uid  t !' 
are  inversely  as  the  angular  velocities  of  tlie  pieces. 

101.  Wfc«*l  and  Bsek. — Given,  at  a  piveu  inalant.  the  «Bgu!j- 
velocity  of  a  wheel  and  the  linear  velocity  of  &  rack,  to  fiuil  tbcit 
pitch-point.  In  tig.  61,  let  the  plane  of  projection  be  ]iciy^- 
^  dicnlar  to  the  ailB  of  the  wheel,  and  let  A  le 

the  trace  of  that  axis.  Draw  A  I  perpen- 
dicular to  the  direction  of  motion  of  the  r*fi:, 
and  make  its  length  such  that  a  point  in  Uv 
:  wheel  at  I  Bholl  revolve  with  a  velod^  hjuu 
>  that  of  the  rack;  that  b  to  ny,  vaif 
,r  velocity  of  rack 


AI  =  - 


;  then  1  <rill 


ingular  velocity  of  wheel ' 
FI".  61.  he  tJie  required  piieh-point. 

The  line  of  connection  may  be  any  atni^ 
line  which  traverses  I.  or  whose  projection  traverse*  I;  aa  CU. 
Let  fall  the  perjiendicular  A  C ;  then  the  velocity  of  the  poiot  C  in 
the  wheel  is  eqnal  to  the  component  velocity  of  the  rack  aleif 
C  TJ.  Draw  1  V  perpendicular  to  A  I,  to  represent  the  wbok 
velocity  of  the  rack,  and  from  V  draw  V  U  perpendicular  to  C  C; 
it  ia  evident  that  I  U  is  the  component  velocity  along  the  linerf 
connection ;  and  that  A  I  r  A  0  :  :  I  V  :  I  IT. 

102.  cirnkr  wkMk  la  o™r™i^In  order  that,  in  an  e 
Uty  combination  of  wheels,  or  of  a  wheel  and  rack,  the  v 
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0  maj  be  constant  (so  that  the  combiaation  sball  belong  to  Mr. 
(ilia's  ctaaa  A),  it  ia  obviously  necessary  that  the  pitch-point 
dnting  the  entiie  revolution  of  each  wheel  should  occupy  an 
invariable  position  in  the  line  of  centres  j  in  other  words,  the  pitch- 
line  of  each  wheel  must  be  a  circle,  and  that  of  a  rack  a  straight 
line.  The  corresponding  forma  of  pitch-surface  are; — for  a  spur- 
wheel,  a  circular  cylinder;  for  a  bevel-wheel,  a  cone  with  a  circular 
bose,  and  sometimea  a  plane  circular  disc;  for  a  rack,  a  plane;  for 
a  iJcew-bevel  wheel,  a  hyperboloid  of  revolution.  Circular  wheels 
are  by  far  the  most  common,  the  cases  in  which  noa-cii'ciilar 
whF«k  are  used  being  comparatively  rare. 

103.  circHlBF  SyHr-WbcFih— Given,  a  pair  of  parallel  axes  and 
l&e  constant  velocity-ratio  of  a  [)air  of  wheels  which  are  to  turn 

Kiut  them,  to  draw  the  pitch-circles  of  those  wheels.  Fig,  62 
resents  the  case  in  which  the  directions  of  rotation  are  contrary; 
63  that  in  which  they  are  the  Enme.  Let  A  and  B,  as  before, 
Uiie  tmces  of  the  axes  on  a  plane  perpendicular  to  them.     Find 


Fig.  6!. 


^^b  fit  tell- point,  I,  as  in  Article  100,  page  S3.  Then,  about  A  and 
^^Kvitli  the  niilii  A  I  and  B  I  respectively,  draw  two  cii-cles;  these 
^^Bn  be  tbo  pitch-circles  required. 

^^^In  fig.  62,  where  the  rotations  are  contrary,  and  the  pitch-point 

^^Miween  the  axes,  the  pitch-surfaces  are  both  convex,  and  are  said 

tu  bo  iu  "outside  i/atring."     In  fig.  63,  where  the  iiitationa  are  in 

the  same  diivction,  and  the  ]iitch-p(iiut  beyond  the  axis  of  moat 

nind  roUttion,  the  smaller  pitch-surface  is  convex  and  the  larger 

Kicuvc;  iind  these  are  said  to  be  in  "  inmle  •jearirtg." 
lot.   Clr<«h>P   Wherl  luid  Smlsbt    Buck.— tiiven,   the    asis  of  A 
Md,  Uie  direction  of  motion  of  a,  lack  per|)endiciihir  to  that 
b,  and  the  distance  from  the  axis  of  a   point  tu  t\ie  wbeib\ 
wboM  velocitj  is  to  be  eijiwl  to  (iat  of  the  rack,  to  dvaw  ftift 
fitth-lia^  of  the  n-Aee/  and  rack,     la  &g.  Ci,  let  A  be  tbe  tcaOB 


the  plane  of  the  tno 
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H  of  the  axis  oa  a  pluie  perpeodiculu  to  iL     Dmw  A  I  [ 

H  duolar  to  the  direction  in  which  the  rack  is  to  niov*,  aai  « 

H                    length  equal   to  the   given  diatAOM; 

H  /^       ^\  about  A,  with  the  ludius  A  I,  draw  a  i 

■  f         A       1  ^od   through   I  dntw  a  straight  lint,  31  - 
H  V         I         /  touching  that   circle;    thftm    will   be  the   : 

■  \  y  quired  pitch-line*. 

f  Q ^l""^ U        105.   riKBlar  Bcrcl  WbHk.— Given,  a  [a:: 

pv  g^  of  axes  which  intersect  each  other  in  «  poiaL 

and  the  constant  velocity-ratio  of  two  wheeb 

which  are  to  turn  about  those  axes,  to  draw  pmJoctioiiB  cf  tte 

pitcb-Burfaces  of  thoEu  wheels.     Let  the  plane  of  fig.  65  r^ront 

ra;  let  O  A  and  O  Bbe  their  position^  aal 

O  their  point  of  iDt^rsectioo.    l^ 

off,  on  any  convenient  scale,  abat 

^]  those  axea,  the  distances  O  a  aat 

O  6  reapeclively  proportional  to  1^ 

intended  atigular  velocities  (vhith 

iu  the  example  shown,  are  contraij^ 

Draw  a  e  ))arallel  to  O  6,  and  he 

parallel  to  O  a,  cutting  each  ath«r 

in  c;    draw   the   diagonal  0  c  C; 

thiii  will  be  the  line  of  contact;  tai 

the  i-equired  pitch-aurlhces  wiO  b( 

]>artfl  of   two    CODCB  described  liy 

making  O  C  sweep  round  O  A  aiil 

U  B  vi.-s[)ectivoly,  and  having  tlwir 

comninu  summit  at  O.      O  C  wil]  W 

oneof  the  traces  of  both  theMCMie*: 

and  their  other  traces  will  be  O  G, 

Tig.  es.  making  the  angle  A  O  G  =  A  0  C; 

and  O  II,  making  the  angle  BOH 

=  BOC. 

In  any  convenient  position,  on  the  line  of  contact,  marie  a  cm- 
venient  breadth,  G  F,  for  the  rims  of  both  wheeb,  so  that  C  F 
shall  be  their  actual  line  of  contact  Draw  GAG  and  F  D  K 
perpendicular  to  O  A,  and  C  B  H  and  F  E  L  perpendicular  to 
O  B;  then  CGKFand  CHLF  will  be  the  projections  of  tli« 
two  wheels  on  the  plane  of  their  axes. 

To  draw  the  projection  of  one-half  of  each  of  those  vheela  on  a 
plane  perpendicular  to  its  axis,  about  A,  witii  the  radius  A  C^ 
draw  the  semicircle  C  M  G,  and  with  the  rsdius  A  R  =  D  F  drew 
the  semicircle  HNS;  these  will  be  parts  of  the  pitch-drdes  of 
which  C  A  O  and  F  D  K  are  projections,  and  will  form  the  k- 
qoired  projection  of  one-halfof  tie  rim  of  the  wheel  whose  axis  i> 
U  A;   then,  about  B,  with  the  radius  B  C,  draw  the  t 
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C  F  H,   and  with  the  raditia  B  T  =  E  F  draw  tlie  semiciiKle 
T  Q  U ;  tUesB  will  be  parta  of  the  piteh-circlea  of  which  C  B  H 
and  F  E  L  ara  projectioua,  uid  will  iona  tha  requited  pcojection 
of  ooe-h&lfof  the  rim  of  the  wbe€l 
wbow  Kzb  is  O  B. 

The  proper  widths  for  the  rima 
of  vheela  will  be  considered 
Uxther  on. 

Tie  perstiective  sketch,  fig. 
inuitt«teB  thu  case  in  whicli  oi 

of  tbe  pilch-«uriaces  becomes  n  j^„  ^g 

SaA  disc  or  nng. 

IU6.  ClnBlM  Skcw-Bcnl  wkccla  are  useJ  wLeu 
vdoettf-ntio  is  to  be  commuiiicated  between  two  pieces  which 
Um  ftbont  axaa  that  are  neither  parallel  nor  intersecting.  Theii 
«are  roiling  hyperboUAd*;  and  the  figures  and  principal 
igo*  of  such  byjierboloida  are  determined  by  the  metkcid 
■Iraadj-  duBcribtxI  in  Article  84,  page  70,  and  shown  in  fig.  SI, 
]iag>  72;  it  being  uudt^rstood  that,  in  that  figure,  0  a  and  O  b 
r^msent  the  intended  angular  velocities  in  catitrary  direcliont  of 
the  two  wheels. 

For  tb«  KOtiwl  wheels,  narrow  zonea  or  frusta  ouly  of  the  hyper- 
boloida  ace  naed,  ba  shown  in  fig.  07.  Wheiu  appioxinmte  accuraoy 
ot  (oral  i>  nfficient,  frusta  of  a  pair  uf 
UBgBDt  cones  (or  of  tangent  cylinders,  if 
tbe  ijitck-circlesare  the  throats  of  the  hyper- 
bolMilit)  may  be  used;  the  figures  of  such 
oaoes  and  cjitindera  being  determined  as 
dcMrifaed  in  Articles  60  and  86,  and  shown 
tD  fig&  55  and  5l),  pages  73,  74. 

In    all    akerw-bevel   wheels   the    rolling  ii-.  or. 

mi^i'tt  ia  combitied  with  a  relative  sliding 

motion  along  the  tiiu  of  amtael,  at  a  rate  equal  Ut   the  raf4  qf 
adtanea  datoibed  in  Article  S3,  page  70. 

The  pRaent  Article  contains  some  additional  rules,  which  may 

hsTC  to  be  used  in  the  <lesigning  and  execution  of  akcw-bevel  wheels. 

^\  In  fifp  6S,  let  the  vertical  line  through  0  represent  the  axis  of  a 

r^bttval  wheel,  O  A  =  0  a  the  radius  of  itei  thriiat,  and  0  C* 

mg  line,  or  line  of  contact,  in  that  position  in  which  it  is 

J  to  tiia  plane  of  projection,  which  plane  is  supposed  to  pass 

lagli  the  axis. 

I  Draw  tbe  semicircle  A  B  u :  this  will  be  the  projection  of  half 

I  throat  of  the  hyjierbolold  on  a  second  plane  of  projectiouj 

rTiendicuhir  to  the  axis  of  the  \rheel 

t  C  G'  he  the  projection  and  trace  of  a  plane  peri>end\cviW  to 
the Mxi^  Mttd cboaeo  M  a  connaieat  plane  for  the  pilcVcircia ' 


I 
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tile  middle  oS  the  breadth  of  the  rim  of  the  intended  vheel,  and 

let  that  projection  cut  O  C  in  C. 

L  To  find  the  raditta  of  the  middle  piuA-drde,  and  to  draw  ii» 
pTC^wmt.  Through 
B  draw  B  0  pamUel 
to  O  A;  through  C 
draw  O  0  parallel  to 
the  axis,  cutting  B  C 
inC.  Join  OC;  Uiis 
will  be  the  required 
radius,  and  the  circle 
D  C  G  will  be  the 
projection  of  the  pitcli- 
circlo  on  the  second 
plane;  in  O-  C  pro- 
duced take  G'  D-  = 
0  D  =  O  a  =  0  C; 
O'  D'  will  be  the  pro- 
jection of  the  pitch- 
circle  on  the  fint 
plane. 

D'  is  a  point  in  the 
hyperbolic  trace  of  the 
hyperboloid  ott  the  fint 
plane ;  and  by  the  Baine 
procesB  any  number  of 
points  in  that  trace 
may  be  found. 

II.  To  draw  a  nor- 
mal to  fA«  piteh-tta/aet 
in  the  firH  plane  of 
pngeeHon.  Perpendi- 
cular to  0  O  draw 
C  H,  cutting  the  axis 
of  tho  wheu  in  H. 
This  line  and  O  C  will 
be  the  projections  of  a 
Dormal  to  the  [ntcfa- 
surface  at  th«  point 
whose  projections  are 
CandC.  JoinHD'; 
this  line  and  O  D 
_  will  be  the  projections 

IJe-  ^^  of   ft    nonnal    to    the 

'^v\AV-vwfam    at    the 
fimit  wbcee  pRjjeotioQa  ue  D*  ud  !>. 
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elo  Ute  pitch  surface  at 
n  the  second  plane  of 
isD'j  perpendicular 


ni.  To  draw  the  tracer  of  a  langetU  plat, 
foint  D',  D.     The  line  !>•  D  is  the  ti'ace  o 
projrctioD;  and  the  trace  on  the  first  pl&i 
to  b'  H. 

Another  process  for  finding  the  trace  D'  <7  is  as  follows : — About 
n,  with  a  radius,  D  E,  eqnol  to  C  B,  draw  a  circular  are,  cutting 
Uie  circle  ABain  E.  Through  E  draw  EE'  jianillel  to  BO, 
.  iiUing  O  A  in  E'.     The  straight  line  D  £•  g'  will  he  the  trace 

D  E  and  D'  E'  are  also  the  projections  of  a  generating  line  of 
tlie  Jjyperboloid. 

IV.  Tangent  cone. — Tho  snmmit  of  the  tangent  cone  at  the 
liiwh-circle  !>■  G'  is  at  the  point  q,  and  D'  5  ia  the  trace  of  that 
«iQC  on  the  lirst  plane  of  projection.  When  extreme  accuracy  of 
frmn  ia  not  required,  a  portion  of  that  cone,  havitig  the  pitch-circle 
IKG'  at  the  middle  of  its  breadth,  nioy  be  used  instead  of  th& 
(xact  bjperboloidal  enriace  (Article  86,  p.  73). 

V.  formal  spiral. — The  normal  spiral  is  a  curve  on  the 
fajlierboloidal  eur&ce  which  cuts  all  the  generating  straight  lines, 
FUch  u  those  whose  projections  arc  E'  IK,  O  C",  itc.,  at  right  angles. 
Ii«  general  form  ia  indicated  by  the  winding  dotted  curve  which 
travei'He*  U  and  T  in  Gg.  68.  It  has  an  uniform  normal  pitch, 
C)T,  which  is  foiind  as  follows: — From  A  let  fall  ASperpen- 
dicnUr  to  OC;  then  the  normal  pitch  of  the  normal  spiral  is 
f\\mi  Ut  tie  circumference  of  a.  circle  whose  radius  ia  O  S ;  that  is 
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t  DOcesMry  to  draw  precisely  the  projections  of  the  normal 
piral ;  Imt  for  purposes  connected  with  the  designing  of  tc«th  for 
vw-bevel  whieels  it  is  useful  to  know  its  radius  of  cui'vature  at 

•  pitch-^rcle  chosen  for  the  wheel.     That  is  done  as  follows : — 
liAbont  G,  with  the  radius  GF  =  0/=BC,  describe  a  circlo, 

g  the  circle  A  B  a  in  F  and/;  from  which  two  points  draw 

faudZ/'pai^'el  to  BO.    (Orotherwiso.lay  offOF'^o/^EK. 

f  O'  and  F  G  will  be  the  two  projections  of  a  generating  line.) 

i O  H  tkke  0 </  =  E'  D'i  join  F gj" g,  and  produce  both  these 

M  as  far  as  may  be  necessary.     O  F  g  will  be  the  labatment  of 

•  triaDglo  whose  projection  is  O  F"  G'.  In  O  H  produced,  take 
)  =3  U  IX;  through  A  draw  I;  h  I  perpendicular  to  F  G'  it,  and 
'l&ii^/' $1  in  I-  through  /  draw  Z  m  parallel  to  O  A,  cutting  O  H 
iduoed  in  tn;  then  g  m  will  be  tke  radius  of  curvature  y  every 

U  spiral  at  the  point  u>/iete  it  crosses  the  pilcli-circlit  G'  !>'. 

p  tt^t  aftaaiiag  tbta  coastruction  above  insttuA  ot  \io\ow 

iatf  UsaeKfy  to  avoid  confasiou  ia  the  figiu«.)  , 
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Thzough  g  draw  ugv  parallel  tekhl;  this  will  be  tlie  xabatment 
of  a  tangent  to  the  normal  spiral  at  the  point  GT. 

To  find  the  radius  of  curvature  of  a  normal  spiral  at  the  throat 
of  the  hyperboloid,  in  O  H  take  0  w  =  O  A;  draw  xtoy  perpen- 
diciilar  to  O  C,  and  y  z  parallel  to  O  A;  O  z  will  be  the  lequixed 
zadins  of  curvature. 

The  lower  part  of  the  figure  shows  the  projectioii  on  a  fdane 
through  the  axis,  of  a  pitch-circle  equal  to  the  pitch-circle  G'  IX, 
and  at  the  same  distance  from  the  throat  along  the  axis  in  the 
opposite  direction.  D  E  R  and  D'  R  Bf  are  the  two  projectkHis 
of  one  generatinff  line  extending  from  one  of  those  piteh-circies  to 
the  other.  G'  F  B'  is  the  projection  of  another  such  generating 
line.  The  drawing  (^  a  pair  of  equal  pitch-circles  may  sometunea 
be  useful  in  the  making  of  patterns  for  the  wheel  and  for  its  teeth. 

Py  P  and  N,  N'  are  the  projections  of  points  in  the  two  edges 
of  the  rim  of  the  wheel  When  the  exact  hjperboloidal  pitd^ 
sur&ce  is  to  be  used,  and  not  merely  a  tangent  cone,  those  points 
are  to  be  found  by  a  process  similar  to  that  by  which  the  projec- 
tions D,  ly  are  found.  When  a  tangent  cone  is  used  as  an 
approximation,  they  are  simply  the  intersections  of  two  planes 
perpendicular  to  the  axis,  with  a  tangent  in  the  plane  of  the  axis. 

YI.  Radma  of  cunxxture  of  hyperholio  trace. — In  constmcting 
the  pitch-surface  of  a  skew-bevel  wheel,  it  is  sometimes  useful  to 
determine  the  radius  of  curvature  of  the  hyperbolic  trace  of  that 
surfiuie  on  a  plane  traversing  the  axis,  at  the  point  where  that  trace 
cuts  the  pitch-circle,  in  order  that  a  circular  arc  of  that  radios 
luay,  if  required,  be  used  as  an  approximation  to  a  small  arc  of 
the  hyperbolic  curve. 

In  ^g.  68  A,  let  O  X  be  the  aids  of  the  hyperboloid,  O  A  the 
radius  of  its  tiiroat^  O  D  an  asymptote  (being,  as  before,  the  pio* 
jection  of  a  line  of  ocMitact  that  is  purallel  to  the  plane  of  projection), 
and  X  Y  the  trace  of  the  plane  of  the  intended  pitchrcircle.  Part 
of  the  following  process  has  already  been  described,  but  it  will  be 
deseiibed  again  here,  to  make  the  explanation  complete : — Let  D  be 
the  point  where  X  Y  cuts  the  asjrmptote.  Lay  off  X  £  =  O  A; 
join  D  £;  and  make  X  Y  =  D  £;  then  X  Y  will  be  the  radius  o£ 
the  pitch-circle,  and  Y  a  point  in  the  hyperbola.  Perpendicular  to 
O  D  draw  D  F,  cutting  the  axis  in  F;  join  F  Y;  this  will  be  a 
normal  to  the  hyperbola  at  the  point  Y.  Thus  fieu:  the  process  has 
already  been  described. 

Through  A  draw  A  B  parallel  to  the  axis,  cutting  the  asymptote 
in  B.  ]^m  B,  perpendicular  to  O  B,  draw  B  0,  cutting  O  A 
produced  in  C.  Then  C  will  be  the  centre  of  curvaiure,  and  A  C 
i^  radiita  qfcurvaiwrt  of  the  hyperbola  at  A ;  that  is,  at  the  throat 
cftiie  bfperboloid. 
In  X  F,  pitxloced  both  waya  aa  ias  aa  mvi  >»  T«]ffaa»^  Naki^ 


i  — *  in  M;  tteongt  M,  pM«Hel  to 
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parallel  to  F  H,  draw  N  P,  cutting  F  Y  M  produced  in  P;  then 
P  will  be  the  centre  ofcwrvature,  and  Y  P  ^  radiua  qfcwrvaiiwre  of 
the  hyperbola  at  Y.* 

VII.  Foci  of  hyperbolic  trace, — To  find,  if  required,  the  foci  of 
the  hyperbolic  trace  of  the  pitch-surface;  produce,  in  fig.  68  ▲,  the 
straight  line  O  A,  in  both  directions,  as  far  as  may  be  required, 
and  lay  oflf  in  itOQ  =  OQ'  =  OB.  Then  Q  and  Q'  will  be  the 
two  foci.  The  well-known  property  of  a  hyperbola,  by  means  of 
which  it  can  be  drawn  when  one  point  in  it  and  the  two  foci  are 
given,  is,  that  the  difference  of  the  distances  from  anypoint  in  the 
curve  to  the  foci  is  a  constant  quantity;  for  example,  x  (?  —  Y'  Q 
sAQ'  —  AQ  =  2A0.  InstiHiments  founded  on  this  principle 
are  used  for  di-awing  hyperbolas. 

107.     N«B-€lrcalar    Wheels    In    Oencnil.     {A.    M,,    443.) — If  on* 

circular  wheels  ai*e  used  to  transmit  a  variable  velocity-ratio 
between  a  pair  of  parallel  axes.     In  fig.  69,  let  C.,  Cj  represent  the 

axes  of  such  a  pair  of  wheels;  T^,  T^  a  pair  of  points 

which  at  a  given  instant  touch  each  other  in  the  line  of 

contact  (which  line  is  parallel  to  the  axes  and  in  the 

v^      same  plane  with  them) ;  and  U^,  Ug,  another  pair  of 

f  points  which  touch  each  other  at  another  instant  of 
the  motion ;  and  let  the  four  points,  T^,  T^  Up  U^  be 
in  one  plane  perpendicular  to  the  two  axes  and  to 
the  line  of  contact  Then,  for  every  such  set  of  four 
points,  the  two  following  equations  most  be  ful- 
filled:— 

^'  ^^'  arc  Ti  Ui  =  arc  Tg  Ug;  j  ^^'' 

and  those  equations  show  the  geometrical  relations  which  must 
exist  between  a  pair  of  rotating  surfaces  in  order  that  they  may 
move  in  rolling  contact  round  fixed  axes. 

If  ODe  of  the  wheels  be  fixed  and  the  other  be  rolled  upon  it,  a 
point  in  the  axis  of  the  rolling  wheel  describes  a  circle  of  the  radios 
Cj  C2  round  the  axis  of  the  fixed  wheel. 

The  equations  are  made  applicable  to  inside  gearing,  by  patting 
—  instead  of  +  and  +  iusteaa  of  — . 

*  Tho  algebraical  expreosions  of  these  operations  are  aa  follows  :«• 
Let  0  A  =  6;  A  B  =  a;  0  X  =  x;  X  Y  =  y; 
XF=m;YF  =  «;YP=-f>;AC  =  po;  then 

b*  X  .    /  /   .   .      A  n* 


m-   ^.  ;n 


\J  ^y*  +  m^Y»  P  •  «**'^- 
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The  angular  velocity- ratio  at  a  giceu  instant  has  the  value 

tCjT,  :CiTj (2.) 
'D-circular  wheels,  when  without  teeth,  may  be  called  rviiibb 
(  and  in  order  that  motion  may  be  communicated  by  laeanR 

of  a  pair  of  rolling  cams,  and  of  a  suitably  Bhnpeil  smooth  rack  or 

alidiug  bar,  it  is  necessary  that  the  forcea  exerted  by  the  two  piece!< 

oo  eadi  other  should  be  such  as  to  press  their  pitch -surfaces  togetbor. 
The  following  are  the  geneml  problems  to  be  solved  in  designing 

iHNi-circnIar  wheels : — 

I.  Given,  the  axit  and  pUch-line  of  a  non-eireidar  teheel;  to  find 

mpproxunaUly  f/u  aarit  of  another  non-cimdar  wheel  tiAick  ghaU  turn 
M  nllmg  eontati  with  tiu:  first  whed,  and  o/uihick  an  arc  of  a  given 
kiiglk  on  the  piteh-lin9  tliali  mhtend  a  given  angle. 

In  fig.  70,  let  the  plane  of  projection  be  a  plane  perpendicular  to 

tbe  axes  of  the  wheels.     Let  A  be  the  axis  of  the  given  wheel, 

B  O  it«  pitch-line,  and 

B    its   jntch-point  at  a 

gir«D   instant;  and  let 

A  B  be  part  of  the  line 

of   centres.       Also,    let 

B  D  be  a  straight  tan- 
gent to  B  C  at  II ;  and 

let  the  length  of  B  B  be 

the  length  of  the  arc  on 

the    pitch-line    of    the 

■Mond  wheel  which   ia  u^ 

tn     mbtend     a     given  Fig,  TD. 

angle: 

In  B  D  take  E  G  =  J  B  D,  and  about  G.  with  the  radius  G  D 
=  J  B  I>,  ilraw  a  circlf,  C  D  P.  cutting  the  first  pit«h-line  in  0. 
Then,  according  to  Enle  IV.,  Article  51,  page  29,  the  arc  B  0 
will  be  approximately  equal  in  length  to  B  D.  Draw  and  meantre 
Uie  etiaight  line  A  C ;  and  in  the  line  of  centres  t&ke  A  E  =  A  C. 
Then  draw  the  straight  line  £  F,  making,  with  the  line  of  centres, 
tlie  angle  H  E  F  =  the  complement  of  half  the  angle  that  the 
■n  of  a  length  equal  to  B  D  is  to  subteml,  and  cutting  the  circle 
C  D  F  in  F.  F  will  be  approsimately  a  point  in  the  required  pitch- 
lioe  of  the  second  wheel;  and  B  and  F  will  be  the  two  ends  of  an 
BC  approsimat«ly  equal  in  length  to  B  0  and  B  C.  To  find  the 
axis  of  that  wheel,  find,  by  plane  geometry,  in  the  line  of  c 
H  B  E.  the  centi«,  H,  of  a  circle  which  shall  traverse  F  and  E; 
H  will  be  approximately  the  trace  of  the  required  a 

II.  To  find  a  point  in  the  aeeorul  pitch-tine  lo/io*)  dietanee/rom  B, 
iM  meofuriid  on  that  piteh-line,  ihall  be  approxivuUdy  equal  to  any 
ffitm  ttraight  Umgmt,  B  L.     Take  B  N  =  ^  B  L;  and  about  K, 
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-with  a  radins  N  L  =  f  B  L,  draw  a  circular  arc,  cntihig  the  first 
pitch-line  in  K.  Then  B  K  will  be  approximately  equal  in  length 
to  B  L.  Join  and  measure  A  K,  and  in  the  line  of  centres 
take  A  M  =  A  K.  About  H,  with  the  radius  H  M,  draw  a 
circular  arc,  M  P,  cutting  the  arc  K  L  P in  P;  P  will  be  ap^nozi- 
mately  the  required  point  in  the  second  pitch-line. 

By  repeating  the  same  process,  any  number  of  points  in  the  le- 
quii«d  pitch-line  of  the  second  wheel  may  be  found  appcozimately. 
The  error  of  the  two  preceding  rules,  in  what  may  be  ocnuidered 
an  extreme  case — viz.,  where  the  pitch-line  of  the  first  whed 
coincides  with  the  straight  tangent  B  D,  and  the  an^^  B  H  F 
and  BAG  are  each  half  a  right  angle  (as  in  des^^niag  a  roUer  to 
roll  with  a  square  roller) — is  about  0O03  of  the  leng^  B  D  to  be 
laid  off,  and  is  in  excess;  the  arc  B  F  being  too  lon^  by  that 
fraction  of  its  length ;  and  the  error,  in  fractions  of  the  are,  Tiries 
nearly  as  the  fourth  power  of  the  angle  subtended  fay  tbe  arc.  To 
ascertain  whether  the  error  is  sensible,  and  to  correct  it  by  a  aecoBd 
approximation,  proceed  as  follows : — 

III.  To  obtain  a  closer  approximation  to  the  reqmirBd  maii 
and  pitch-line.  Having  drawn  the  pitch-line  B  F  by  Rule  IL, 
measure  its  length  in  subdivisions  by  Rule  L  of  Artide  51,  page 
28,  and  compare  that  length  with  B  B,  so  as  to  ascertain  the  enor. 
Divide  that  error  by  B  D,  so  as  to  express  it  in  fracticBiB  of  the 
required  length.  Multiply  the  half-sum  of  the  greatest  and  kast 
radii  by  the  fi-action  expressing  the  ratio  of  the  error  to  the  required 
length ;  the  product  will  be  a  correction,  which  is  to  be  applied  to 
the  lengths  of  the  line  of  centres,  A  H,  and  of  each  of  the  radii 
H  B,  H  F,  HP,  &a,  of  the  second  pitch-line;  that  is  to  aay,  if 
the  pitch-line,  as  at  first  drawn,  is  too  long,  each  of  those  sta^i^ 
lines  is  to  be  shortened  by  having  the  correction  auhtraeted 
from  it. 

For  example,  in  the  extreme  case  already  cited,  where  ihm  fint 
pitch-line  is  a  straight  line,  B  D,  perpendicular  to  A  B,  aad  anb- 
tending  half  a  right  angle  at  A,  and  the  second  pitch-line  it  to 
subtend  also  half  a  right  angle  at  its  axis  H,  let  A  B  bo  taken 
as  unity;  then  we  have  (to  three  places  of  dedmals) 

BC  =  BD  =  AB=1000; 

A  C  (coinciding  with  a  straight  line  from  A  to  D)  s=  1*414;  and 
the  application  of  Rule  L  of  this  Article  gives  the  following  renlti 
as  first  approximations : — 

A  H  =  2-267;  H  B  =  1-267;  H  F  =  0'653. 

Upon  drBWJDg  the  second  pte^k-Axu^  B  F,  by  Rale  JL  fdlkm 
JLtHoie,  mnd  meaearing  it  m  fniMiv\afiinB^  Vb  \a  io^oiu^.  \ft  \%  iao 
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^^^Btinct«d  from  the  line  of  centres  and  from  each  of  the  ludu  of  the 
^^Koud  pitch-line.     Thiis  are  obtaioed  the  second  approxiinatioiis, 

^B  A  H  =  2-264;  H  S  =  1'3G4;  H  F  =  0-850. 

^|kAa   examples  of   Don-circular  wheels,   the  followiDg  may  he 

L  An  ellipse  rotating  about  one  focna  rolls  completely  round  in 
DuUiide  gearing  with  an  equal  and  simOar  ellipse  also  rotating  about 
one  fociu,  the  distance  lietwcen  the  axes  of  rotation  being  equal  to 

^^Ab  major  axis  of  the  ellipses,  and  the  velocity -ratio  vatying  from 

^^m        1  —  eccentricity       1  -*■  eccentricity 


wn  length;   which   being  multiplied  by 
1  ■060,  gives  0-003  for  the  correction  to  be 


1  —  coeentrieity 


(sec  Article  108). 


II.  Lobed  wheels,  of  forms  derived  from  the  ellipse,  roll  com- 
plrtely  round  in  outside  gearing  with  each  other  (see  Article  109). 

III.  A  hyperbola  rotating  about  its  farther  focus  rolls  in  inside 
gearing,  through  a  limited  arc,  with  an  equal  and  similar  hyperbola 
rotating  about  its  nearer  focua,  the  distance  between  the  axes  of 
tDtation  being  equal  to  tlie  a»is  of  the  hyperbolaa,  and  the  velocity- 
imtio  vaiyiog  between 

eccentricity  +  1 


^^^ng 


eccentricity  —  I 


andu 


.  Two  logarithmic  spiral  sectors  of  equal  obliquity  rotate  in 
[  eontact  with  each  other;  or  one  logarithmic  spiral  sectoi- 
a  rolling  contact  with  the  oblique  plane  sui-face  of  a  sliding 
picee  (ma  .Article  1 10). 

1061  lll|i>if  Wbech. — The  following  rules  are  applicable  to  the 
dmwtiig  of  the  pitch-lines  of  elliptic  wheels,  and  the  determination 
of  tbrir  comparative  motions: — 

I.  Girea,  tlte  angle  by  irkieh  each  wheel  is  alternately  to  overtake 
and  to /ail  behrnd  the  other,  and  (/<«  lenglK  of  the  ixTie  of  eerttres,  to 
draw  the  dUpse  tohidt  it  t/ieJiguTe  of  both  pUclt-lines. 

FWmapoint,  £,  drew  two  straight  lines,  BF  =  BF'=  half  the 

line  of  centres,  making  with  each  other  the  given  angle  F  B  F, 

_Jflm  F  F,  bi»oct  it  in  O,  produce  it  both  ways,  and  make  O  A  — 

=  half  the  line  of  centres.     Draw  B  B'  perpendicular  to  A  A' , 

J  O  If  =  O  B.     Theu  A  A'  is  the  major  axis,  B  B    tho 

r  *sij%  O  the   centre,  and  F,  F',  the  two  foci  of  tho  required 

I,  which  may  be  drawn  by  means  of  a  suitable  ioatroment  oc 

aaebine,  or  liy  tli«  well-tnowti  proceaa  of  putting  an  endle8attiTca4» 

ef  M  iaigth = S A  F  =  2 F A',  round  two  pina  at  the Iwn,  aii4  «.  J 


•JS 
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pencil  equal  in  (liamet«r  to  those  pins,  and  noviiig  Ute  pod 
round  so  as  to  keep  the  thread  tight  In  the  workfibofi  dli|imaf 
given  diiaeDsions  can  be  draws  with  great  precision  by  manidf 
the  turning  lathe,  fitted  with  apparatus  to  be  afterwarda  refarted  to. 
The  wheels  are  to  be  centred,  as  shown  in  fig,  73,  each  iqam  (M 
of  its  foci.  The  fixed  foci,  which  are  thus  placed  in  the  UM  (f 
the  wheels,  are  marked  A,  B,  in  this  fignre.  and  the  raotvuffiti, 
C.  D.  The  elliiises  in  fig.  72  are  Bimilar  to  that  in  fig.  71,  i» 
drawn  on  one-half  of  tlie  t>cale. 


ng.7 


Fig.  Ti. 


II.  To  find  tlie  angular  motion*  wid  the  angidar  vAxUgr^ 
eorrtgpondittg  to  a  given  position  of  Ute  jntch-poirU.  SappoMboA 
wheels  to  have  started  from  a  position  in  which  A,  fig.  71,  Mtbi 
pitch-point,  being  at  the  distance  A  F  from  the  nxia  of  one  iriinl. 
and  A  F'  from  that  of  the  other,  so  that  the  angular  vdodty-n:  > 
of  the  second  wheel  t«  the  first  is  A  F  -^  A  F.  Let  C  U-  a  r  ^ 
position  of  the  pitch-point  Draw  0  F,  C  F.  Then  the  iwtyu  ■■ 
fnofi&n  of  the  fint  wheel  is  AFO;  that  of  the  second  wheel  AF' 
the  first  wheel  ban  overtaken  the  second  wheel  to  the  extent  rt-'-. 
sented  by  the  angle  F  C  F  =  A  F  C  -  A  F"  0;  and  the  wfcc. 
ratio  of  the  second  wheel  to  the  first  ia  C  F  -^  C  F. 

The  aognlar  velocity-ratio  ranges  between  the  limits  --=.-  i 

AF 

j^  g  ;  and  its  mean  value  in  each  holf-rovolation  is  unity;  beai: 

each  half-revolution  is  made  in  the  same  time  by  both  wheeli 
The  instantaneous  velocity-ratio  is  nnity  when  the  pitch-point  »  at 
Bor  B';  because  B  F  =  B  F. 

III.  Given,  at  any  inttant,  (Ae  position  of  one  of&e  rwolnitgfaai, 
to  find  the  position  oftJie  other  revolving  J^u,  and  gf  f^r  jn'fiA  mW 
In  fig.  72,  let  A  and  B  be  the  fixed  foci.  With  a  radina  «dim1  to 
the  distance  between  the  foci,  or  double  eccentridtv  (F  F  M  1^ 
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L  draw  drcles  about  A  pnd  B.  Let  C  be  the  given  poeition  of 
■  of  the  revolving  foci.  Then,  with  a  rudiuB  C  D  =  A  B  (the 
•  of  centres),  draw  a  circulur  arc  about  C,  cuttiug  the  circle  round 
1;  this  will  be  the  other  revolving  focus.     Join  C  D,  cutting 

_        1  I ;  this  will  be  the  pitch-point. 

L  If  the  wheels  and  their  axles  overhang  the  bearings,  the  revolving 

loci,  being  at  a  couatant  distance  apart,  may  be  connei'ted  by  nieaua 

i4  a  link,  C  D,  as  shown  in  Sg.  72.     Tiiis  is  useful  in  elliptic 

toothed  wheels  of  great  eccentricity,  because  of  the  teeth  in  cei'tain 

pactions  of  the  wheel  being  apt  to  lose  liold  of  each  other. 

109.  lAkcd  ffhrds  *  are  wheels  such  as  those  shown  in  figs.  7-1  aud 

75,  having  two,  threes  or  any  2      n" 

gi>t«t«r  number  of  equal  great- 

'-■t  radii  (such  as  those  marked 

r  A"  in  fig,  74,  and  F  A"  in 

-  ;  75),  and  also  of  leaHt  radii 

I  '.icii  atf  those  marked  F  a'  iu 

«g.  74,  and  F  o"'  in  fig.  75). 

Fig.  74  repreeenta  a  two-lobed 

wbiel.  and  lig.  7S  a  three-lobed ' 

wImcL     AneUiptic  wheel  may 

)«  npuded  aa  a  OJie-lobed  viheef.     Let  the  difference  between  tho 


peateat  and  loast  radii  of  a  lobed  wheel  be  called  the  iTiequalUy; 
m  that  in  on  elliptic  wheel  (iig.  71)  the  inequality  is  tho  distance 


*  TIm  impcrtiaa  of  tbtae  nbcela  r 


IS  diacovered  by  tho  E«TeTcn4'W. 
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between  the  foci,  F  F.  Then  any  pair  of  lobed  wheels  in  which 
the  inequality  is  the  same  will,  if  properly  shaped,  work  together 
in  rolling  contact,  and  that  whether  their  numbers  of  lobes  are  many 
or  few,  the  same  or  different;  and  this  statement  inclades  one- 
lobed  or  elliptic  wheels. 

The  advantage  of  wheels  with  two  or  more  lobes  is  th^  being 
8elf-balanoed,  which  elliptic  wheels  are  not. 

The  following  are  the  rules  for  designing  lobed  wheels : — 
L  Given,  in  a  pair  of  equal  and  similar  lobed  wheda,  tJte  angle  by 
fjohich  each  wlied  is  aUemately  to  overtake  and  to  fall  behind  (he  a&ter 
tnhedf  the  number  of  lobes,  and  the  mean  radius,  to  find  the  inequaiityj 
.  and  thence  the  greatest  and  least  radii  Multiply  the  given  angle  by 
the  number  of  lobes;  then,  from  a  point  B"',  fig.  73,  draw  two  lines, 
B"'  F,  B'"  F',  making  with  each  other  an  angle  equal  to  the  product, 
and  make  the  length  of  each  of  them  equal  to  the  given  mean 
radius.  Draw  the  straight  line  F  F;  this  will  be  the  required 
inequality/.  Bisect  F  F  in  O,  and  produce  it  both  ways ;  then  lay 
off  O  A"'  =  O  a"'  =  B-'  F  =  B"'  F,  the  mean  radius;  then  F  A"  = 
F  a"'  wiU  be  the  greatest  radius,  and  F  A""  =  F  o"'  the  least 
radius. 

II.  To  find  any  number  of  points  in  the  pitch-line.  In  fig.  73, 
with  the  major  axis  A"  a",  and  the  foci  F  and  F',  draw  a  semi- 
ellipse  A"'  B"'  a".  Then,  in  fig.  75,  draw  from  the  centre,  F,  the 
straight  lines  marked  F  A"',  dividing  a  complete  revolution  into  as 
many  equal  parts  as  there  are  to  be  lobes  (in  the  present  case, 
three).  Make  each  of  these  lines  equal  to  the  greatest  radius 
(F  A",  fig.  73).  Bisect  the  angles  between  them  with  the  ntnught 
lines  marked  F  a"',  fig.  75,  and  make  each  of  the  latter  set  of  lines 
equal  to  the  least  radius  (F  a"' ,  ^g.  73).  Divide  the  half-revolatioa 
in  fig.  73  into  any  convenient  number  of  equal  angles  by  the  mdi- 
ating  lines  F  1,  F  2,  kc,  meeting  the  ellipse  at  1,  2,  kc.  Divide 
each  of  the  angles  marked  A "  F  d"  in  fig.  7 o  into  the  same  number 
of  equal  parts  by  radiating  lines,  and  lay  off  upon  them  leogthsy 
F  1,  F  2,  «fec.,  equal  to  those  of  the  corresponding  lines  in  fig.  73; 
the  points  1,  2,  kc,  in  fig.  16,  tlius  found,  will  be  points  im  ike 
required  pitch-line. 

III.  To  find  the  positions  of  tlte  meari  radii  of  the  required  pOek- 
line.  Divide  the  angle  A"'  F  B"',  in  fig.  73  by  the  number  d 
lobes,  and  lay  off  the  quotient  for  each  of  the  angles  marked 
A"'  F  B*^  in  fig.  75;  then  make  each  of  the  radii  F  B^  in  fig.  75 
equal  to  F  B"',  in  fig.  73;  these  will  be  the  required  metn 
nulii. 

Remark. — ^The  examj)lo  in  fig.  75  is  a  three-lobed  wheeL    The 

twa-lohod  wheel  of  fig.  74  is  drawn  by  a  similar  process;  the  dUjpw 

used  for  finding  the  radii  being  A'  IS  a  m  fig.  73 ;  the  ineqoiiu^ 

F^j  and  the  angle  by  wbicb  eac^  w\i^«X\«t\^\^^  ^'«^il^aikMi•ll4 
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fiJlK  b^Dii  anotbei'  equal  and  siinilar  wheel  being  one-half  of 
F  B*  F,  fig.  73. 

IV.  To  draw  Ote  piltMina  of  a  tel  of  wlieds  of  diferent  nnii\lKri 
of  Mr*,  all  of  wliicli  s/talt  toork  tuUft  eac/i  other  in  rolling  eon- 
tac*.  The  iDeqnality  mnst  be  the  same  in  each  wheel.  Let  F  F, 
fig.  73,  be  that  inequality;  and  let  O  be  the  centre,  A"  a"  the 
Bukjor  axis,  and  O  £"  the  semi-miaor  axis  of  the  ellipse  which 
terv«9  for  iindtDg  the  radii  of  one  of  the  set  of  wheels,  which  one 
wbel  is  pren.  Divide  O  B'  into  aa  many  equal  parts  as  there 
wv  lobes  in  the  gireu  wheel;  e&y,  for  esaoiple,  three.  To  6nd  the 
ligar>  of  «  wheel  having  any  other  number  of  lobes  {§ay  two),  take 
tM  point  B'  at  that  number  of  divisions  from  0;  join  F  B",  F  B"; 
ky  off  O  A'  =  0  o*  =  F  E-  =  F  B' ;  draw  tiic  ellipae  A'  B" « '  with 
A'  »'  fur  its  major  axis,  and  F  and  F'  for  its  foci;  this  will  be  the 
^pK  for  det^i-mining  the  lengths  of  the  radii  of  the  new  (two- 
lobtd)  wheel. 

nc  vllipte  A'  B  a'  with  the  same  foci,  F  F,  whose  minor  semi- 
axis,  O  ff ,  is  one  division  of  O  B",  is  itself  the  pitch-liue  of  the 
aoe-Eofant  wheel,  which  will  work  in  rolling  contact  with  any  wheel 
oTtliMaet 

110.    ■.•cwtlkKic    Spiral    Mccion   w   B*IUb(    CHma.— A    pair    of 

kyriibmic  spiral  sectors  may  be  used  as  rolling  eaniB,  to  com- 
nottMst*  by  rolling  contact  an  angidar  motion  of  limited  extent, 
in  the  coBRse  of  which  it  is  desired  that  the  velocity. ratio  shall 
iwagB  between  luitain  limits.  The  general  nature  of  the  figure 
Kad  {■mtiou  of  such  a  pair  of  seeton  may  be  represented  by  fig.  69, 

The  (Hily  ca»es  in  which  the  "dimensions  and  figures  of  such 
Melon  can  be  determined  by  plane  geometry  alone,  without  the 
aid  at  cslcnUtion,  are  two,  vie. :  when  tlie  two  sectors  are  equal 
■ad  nniitar,  so  that  the  sum  of  the  greatest  and  least  radii  of  each 
«i  tbe  two  seetoTS  is  equal  to  the 
Uj>e    at  centres;    and  when    the 
cotnbiiMtiion  consists  of  one  sector, 
woridog    with    B    sliding  bar  or 
BoixAh  nek.     The  following  ate 
tlui     rulos     applicable     to     such 

I.  Gieen,  infy.  7C,  Ua  ItaH  ajtd 
yrwrfar  rcuHi,  O  A  anU  OB,  of  a 
UtaMmir  ^itai  meUjr,  and  tita 
Mffa  A  O  B  btbeaen  them,  to  find 
imtermtef£t$t  pointt  in  the  pilck-iine 
^  «KcA  a  tettoTf  and  to  ilraia  fliiii 
fikhSm  t^t/mmma^y  iff  meana 


I 


■venruitraret. 
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Describe  a  circle  about  the  triangle  O  A  B;  that  is  to  my.  VoKi 
any  two  of  tbo  Kides  of  ttiat  triangle  (C,  E,  and  I>  being  the  Urn 
points  of  bisection),  and  from  the  points  of  bisection  Jrair  juipeft- 
dicnlats  to  tbo  eiJes,  meeting  iu  F,  whicli  will  be  the  centre  uf  tb' 
circle  through  O,  A,  and  B.  Draw  the  diameter  G  F  C  H,  Wkw 
ing  tlie  arc  A  H  B  in  H  and  the  are  A  O  G  B  in  G.  Jnin  0  B 
(wbicli  will  be  peqtendiculni'  tn  O  6,  and  wilt  bisect  the  u^k 
A  O  B);  and  about  G,  with  the  radiiia  G  A  =  G  D,  dnw  ite 
circular  are  A  K  B,  cutting  O  H  in  K.  Then  K  will  be  a  ftm 
in  the  required  spiral;  and  A  IC  B  will  be  the  nearest  apprtni- 
niation  to  the  spiral  arc  travittting  the  three  }>oiiit^  A.  E 
and  B,  that  it  is  possible  to  make  by  means  of  one  circuiir  tn 
only. 

To  £nd  two  additional  ]>oint':,  and  a  cloiier  ajiproxiniatioa  to  tU 
curro,  treat  eiich  of  the  triangles  OAK  and  O  K  B  ai  i^ 
triangle  O  A  B  was  ti'eated;  the  result  will  be  the  finding  of  »» 
more  points  in  the  spiral,  situated  rL>s|)ectively  in  the  ndii  whid 
bisect  the  angles  A  O  K  and  K  O  6 ;  and  the  drawii^  of  tn 
circtdar  arcs,  one  tstending  from  A  to  K,  and  tlie  other  frm  C 
to  B,  which  will  make  a  closer  approximation  to  the  qnnl  m* 
than  a  single  circular  are  does. 

The  next  repetition  of  the  process  will  give  four  additional  poiik 
and  four  circular  arcs;  the  next,  eight  additional  points  and  d^ 
circular  arcs ;  and  so  on  to  any  dcgi-eo  of  preciaioa  that  taay  b 
required. 

The  radius  O  K  is  a  mean  proporlional  between  O  A  and  0  B: 
and  thJH  property  eniibles  its  length  to  be  found  by  cslculataoB,  K 
required. 

Tlie  otitiquily  of  a.  logarithmic  spiral,  being  the  angle  whkt  • 
tangent  to  the  spii-al  at  a  given  point  makes  with  a  tangeotM  a 
cirele  described  about  the  axis  through  that  [wint,  or  the  c^mI 
angle  which  a  normal  to  the  spiral  at  the  same  point  makes  with* 
radius  di'awn  from  that  point  to  the  axis,  is  unifbnn  in  a  g>*o 
spiral.  In  lig.  76  the  equal  angles,  O  A  G,  O  U  G,  and  0  BG, 
are  each  of  them  less  than  the  true  obliquity  of  the  airin' 
and  the  angle  0  K  G  is  greater  than  the  true  obliqaity.  T 
obtain  the  closest  approximation  to  the  true '  obliquity  poe-.i 
without  further  subdii-iding  the  angle  A  O  B,  proccol 
follows : — 

II.  Tojindthe  approximate  obliquiij/.     In  H  K  take  H  L  = 
H  K;  join  L  G;  then  O  L  G  will  be  the  obliquity,  very  nW' 
In  other  words,  L  G  will  be  very  nearly  parallel  to  a  non;^- 
■nd    per[«uilicular    to    a    tangent    to   the    true    spiral  at  ibf 
point  K. 

H  A.  To  find  the  approximate  Miipiily  (Another  method).    B» 
le  L  or  Rule  IL  of  Article  SI,  page  28.  measure  tbe  appnHd- 
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mute  length  of  tbe  arc  A  B  in  fig.  70.  Then,  in  Gg.  77,  draw  the 
tti&u^t  line  ltN  =  0  B  —  O  A;  draw  M  P  perpendicular  to 
_M  N;  and  about  N,  with  a  radius 
equal  to  the  a])|irosiinat«  tuDgth  of 
the  arc  A  B.  draw  a  circular  arc, 
ciittiDg  M  P  in  Pi  join  N  P; 
then  the  angle  M  P  N  will  be 
approximately   the    required    obli- 

^m  'X      '  /  ^ii-  ^^'*  ('"  ^S-  T6),  07W  radius, 

^B  \       /  0  K,  in  o  logarithmic  spiral  of  a, 

^^1  \    /  given   ohlxquily,    to  draw  approxi- 

^^r  •  /  moldy  a  altort  are  of  l/iat  spiral 

^^1  Q  throtigh   K.     Dmw   U   O    perpen- 

^B  Ii|t  77.  dioular  to  O  K ;  draw  K  G,  makiiig 

^^A  O  E  O  =:  the  angle  of  obliquity, 

I     nd  cutting  O  K  G  iu  Gj  then,  with  the  radiua  G  K,  draw  a  short 
■circular  art"  through  K. 

I V.  To  draw  the  piteMine  of  a  diding  har  tohiclt  sliaU  work  in 
■'ling  tMiiiael  with  a  given  logarii/imic  spiral  geclor,  A  O  B  {fig.  77). 

:'raia  tbe  trace  of  the  axis  O  draw  O  Q  R  peq>endiculBr  to  the 
inctiou  in  which  tje  bar  in  to  slide,  makiug  O  Q  =  O  A,  and 
'  li  ^  U  B.  Find  tlie  obliquity  of  the  sector  liy  meaus  of  one  or 
"jifr  of  the  preceding  nika.     Let  I  be  any  given  position  of  the 

(lU^h-fiot,  and  let  T  I  S,  traversing  I  |iei-|iepdicuiar!y  to  O  Q  R,  be 

II«nUi^1  to  thi!  direction  in  which  the  bur  is  to  Hiide.  Draw  the 
rtimiglit  line  NIP,  roakitig  the  angle  SIN  =  TIP  =  the 
oUiqwitv  ;  then  draw  Q  N  and  U  P  parallel  to  T  I  8.  and  cutting 
S  1  P  iu  N  and  P  rcBpectively.  The  straight  line  NIP  will  be 
tb»  required  pitch-line;  and  N  and  P  will  be  the  pointa  in  it 
carrv^pontLing  to  A  and  B  respectively  in  the  pitch-line  of  the 
wctor. 

At  tbe  instant  when  the  pitcli-point  is  at  I,  the  velocity  of  the 
4idtDg  Uu-  is  equal  to  that  of  the  point  I  in  the  sector;  that  is  to 
«T.  nngalar  velocity  x  01;  agreeably  to  the  general  principle  of 
AJticIv  101,  page  84. 

Tlw  following  rules  relate  to  the  solution  of  qucstiouK  resi>ecting 
tonritbrnic  apir^  sectors  by  calculation. 

V,  Given,  boo  radii  of  a  Uxjariihmia  spiral  aector  (as  O  A 
and   O  B,   fig.    TC),  and  tlie  angle  between    litem   (A  U  B),    to 

JM  tAe    obliguiltf  of   the    apind.     Take    the    hyperbolic    logar- 

HluB  •  of  the  ratio  ^  ;  divide  it  by  the  angle  A  0  B  in 
*  nypcibiilic  hgahtlun    of  a   ratio  =   common    logaritlim    x    2'3(A& 
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oircolar  measure;*  the  quotient  will  be    the    tangent   of   the 
obliquity. 

YI.  Griveii,  the  least  and  greatest  radii  of  a  logarithmie  spiral 
mctor,  and  the  angle  hetvoeen  them,  to  find  Hie  lengths  of  a  series  oj 
iniermediate  radii,  which  shall  divuie  that  angle  inio  a  given  number 
of  equal  smaller  angles.  Take  the  difference  between  the  logar- 
ithms of  the  greatest  and  least  radii;  divide  it  hy  the  given 
number;  then,  commencing  with  the  logarithm  of  the  least  radius^ 
compute  by  successive  additions  of  the  quotient  a  series  of  logar- 
ithms, increasing  by  uniform  differences  up  to  the  logarithm  of  the 
greatest  radius;  these  will  be  the  logarithms  of  the  required 
intermediate  radii 

YII.  Given,  one  radius  and  the  obliquity  of  a  logarithmic  spiral, 
to  find  the  length  of  a  radius  making  a  given  angle  unth  the  given 
radius.  Multiply  the  given  angle  in  circular  measure  (see  fint 
footnote  below)  by  the  tangent  of  the  obliquity;  to  the  product 
add  the  hyperbolic  logarithm  of  the  given  radius;  the  sum  will  be 
the  hyperbolic  logarithm  of  the  required  radius;— or  otherwiM^ 
multiply  the  product  by  0*4343,  and  to  the  new  product  add  the 
common  logarithm  of  the  given  radius;  the  sum  will  be  the 
common  logarithm  of  the  required  radiua 

YIIL  Given,  the  difference  between  the  greatest  and  least  radii 
of  a  logarithmic  spiral  sector,  and  the  obliquity  of  its  pilch-line, 
to  find  the  length  af  its  pitch-line.  Multiply  the  difference  of  the 
radii  by  the  cosecant  of  the  obliquity,  t 

111.  Fricti«a«i  Oewring. — To  increase  that  friction  or  adhesian 
between  a  pair  of  wheels  which  is  the  means  of  transmittiDg  foroe 
and  motion  &om  one  to  the  other,  their  surfaces  of  contact  axe 
sometimes  formed  into  alternate  ridges  and  grooves  parallel  to  the 

•  Redaction  of  angles  to  circular  measure — 

1  degree   =  0*0174533  radius  length,  nearly. 
30  degrees  =  0*5236 
60  degrees  =  10472 
90  degrees  =  1*5708 

t  In  symbols,  the  equations  of  a  logarithmic  SDiral  are  as  ibllawi: — ^Let « 
be  the  radius  from  whose  directions  angles  are  reckoned ;  r,  any  othn'  ndios ; 
€L  tiie  ande  which  r  makes  with  a,  in  circular  measure ;  ^,  the  oUiqaify  or 
the  spiral;  s^  the  length  of  the  arc  from  a  to  r ;  p,  the  radios  of  curvataw  at 
the  end  of  the  radius  r.    Then 

0 tan  0     X      ^      li.       1      T 
r  B  ae     ""^  ^ ;  tan  <^  =  a  nyp.  log.  - 

0  =  cotan  (p  *  hyp.  log.  - ; 

Swi{r'~a)  cosec  <^  »  o  cosec  <p  I  \_^  A ; 

p  as  r  tan  <^. 
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plKDB  of  rotation,  consdUitiDg  what  is  called  j'ricliotwl  geariitg. 
fig,  73  is  a  cross-aection  of  the  rim  of  a  wheel,  illustrating  the 
kind  of  frict40iud  gearing  iuvent^J  bj  Mr.  Robertaou.  The  com- 
[Mntire  motion  of  a  pair  of  wheels  thus  ridged  and  grooved  is  nearly 
the  same  with  that  of  a  pair  of  smooth  wheels  . 
in  raUitig  contact,  having  cylindrical  or  conical 
pttch-ntr&ces  lying  midway  between  the  top  ' 
iiio  ridgM  and  bottoms  of  the  grooves. 

The  nbtive  motioa  of  the  surfaces  of  contact  of 
Dm  ridgn  and  grooves  tg  &  rotatory  sliding  or  I 
gna-itug  motion  about  the  line  of  contact  of  the  Tig.  78. 

lital  piieh-mxrHiiCi-B  us  an  instact&neons  axla ;  and 
lim  angalar  velocity  of  thut  relative  grinding  motion  is  equal  to 
tlK  uignlAT  velocitj-  of  one  wheel  considered  ua  jTjlling  upon  the 
oUkr  u  »  fixed  whcpi;  which  may  bo  found  by  the  principles  of 
JMide  77,  page  sli,  aud  Article  82,  page  6d 

The  angl*  Mitweec  the  sides  of  each  groove  is  about  40°j  and  it 
it  aUted  that  the  niutual  friction  of  the  wheels  is  about  once  and 


Sbctiow  Xn>—0/  tJte  PUch  and  Number  of  (/w  TeeiA 
of  Wliede. 

113L    ■■laltaii  bMwrn  TMih  and   Flich-Sarrofn— nature   sf  ihv 

fc^H«.  {A.  if,,  44G.} — The  most  uhuoI  method  of  communicating 
votioa  between  a  pair  of  wheels,  or  a  wheel  and  a  rack,  aud  the 
ooly  BMlhod  which,  by  preventing  the  possibility  of  the  rotation 
«f  woB  vlwel  unless  aocompauiej^  by  the  other,  insures  the  prc- 
■rrstioii  of  a  raven  relocity-ratio  exactly,  b  by  means  of  a  series 
of  altemnte  ri^^  and  hollows  parallel,  or  nearly  j»Lralle],  to  the 
■iiiiiiwiiiiii  lines  of  contact  of  the  ideal  toothless  wheels  or  pitch- 
tarfacm,  whose  velocity-ratio  would  be  the  same  with  that  of  the 
looibol  wheels.  The  ridges  are  called  tetlh;  the  Lollown,  spaces. 
The  l«eth  of  the  driver  pnsh  those  of  the  follower  before  them, 
ud  io  so  doing  sliding  takes  place  between  them  in  a  direction 
Mfoas  tfa*ir  lines  of  contact 

The  properties  of  pitch- surfaces  and  pUch-liues,  and  the  art  of 
(lixigDing  them,  have  been  explained  m  the  preceding  section. 
Tie  figuT«i  of  teeth  depend  on  the  principles  of  shdiiig  contact, 
which  belong  to  the  ensuing  section.  The  present  section  relates 
to  c|iwat»ns  connected  with  the  mBaner  in  which  the  pitch-line  of 
a  wheel  ia  divided  by  the  acting  surfitces  of  its  teeth,  withonc 
triaivncB  to  the  (jgores  of  those  surfaces;  for  such  queistlonH  do  not 
nx^nire  the  jtrmeipieg  of  sliding  contact  for  their  solution. 

UA  t-m*  BH^»d.    (J.  M.,   447.}— The  distance,  TQ««ae4. 
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along  the  pitch-line,  from  the  front  of  one  tooth  to  the  front  of  the 
next,  is  called  the  pitch. 

114.  Ocnenii  PrindpiM.  {A,  M,,  447.) — The  pitch,  and  the 
number  of  teeth  in  wheels,  are  regulated  by  the  following 
principles : — 

I.  In  wheels  which  rotate  continuously  for  one  revolution  or 
more,  it  is  obviously  necessary  thai  ike  pUdi  should  he  an  aUqvat 
pa/rt  of  the  cvrcumference  oftiie  pUch-line. 

In  racks,  and  in  wheels  which  reciprocate  without  performing  ^ 
complete  revolution,  this  condition  is  not  necessary.  Such  wheels 
are  called  sectorSy  as  has  been  already  stated. 

IL  In  order  that  a  pair  of  wheels,  or  a  wheel  and  a  rack*  may 
work  correctly  together,  it  is  in  all  cases  essential  that  the  pith 
should  be  the  same  in  each. 

IIL  Hence,  in  any  pair  of  wheels  which  work  together,  Ae 
numbers  of  teeth  in  a  complete  circumference  are  inveridy  as  Ae 
numbers  of  whole  revolutions  in  a  given  time;  or,  in  other  worcs, 
directly  as  the  times  of  revolution. 

IV.  Hence,  also,  in  any  pair  of  wheels  which  rotate  continuousijr 
for  one  revolution  or  more,  the  ratio  of  the  times  of  revolution 
(being  equal  to  that  of  the  numbers  of  teeth),  and  its  reciprocal,  th^ 
ratio  of  the  numbers  of  revolutions  in  a  given  time,  m^jtst  boik 
be  expressible  in  whole  numbers. 

Y.  In  circular  wheels,  everything  stated  in  the  preceding 
principles  regarding  the  ratio  of  the  numbers  of  revolutions  in  a 
given  time  (in  other  words,  of  the  mean  angular  vdodty-raUo)  is 
true  also  of  the  angular  velocity-ratio  at  eveiy  instant. 

115.  Freqnoicy  •f  Contact — Hnniinc-c^g. — Let  n,  N,  be  the  re- 
spective numbers  of  teeth  in  a  pair  of  wheels,  N  being  the  greater. 
Let  f ,  T,  be  a  pair  of  teeth  in  the  smaller  and  larger  wheel  respec- 
tively, which  at  a  particular  instant  work  together.  It  is  required 
to  find,  first,  how  many  pairs  of  teeth  must  pass  the  pitch-point 
before  t  and  T  work  together  again  (let  this  number  be  called  a); 
secondly,  with  how  many  different  teeth  of  the  larger  wheel  the 
tooth  t  will  work  at  different  times  (let  this  number  be  called  6); 
and  thirdly,  with  how  many  different  teeth  of  the  smaller  wheel 
the  tooth  T  will  work  at  different  times  (let  this  be  called  c). 

Case  1.  If  n  is  a  divisor  of  N, 

a  =  N;6  =  ?;c=  1 (1.) 

Case  2.  If  the  greatest  common  divisor  of  N  and  n  be  <(  • 
number  less  than  n,  so  that  n  =  m  c/,  N  =  M  c?,  then 

a  =  mNsMn  =  Mmc/;6=:  M;  e  =  m (i.) 

Cask  3.  If  N  and  n  be  prime  to  each  other, 

a  =  Nnj  6  =  N;  c  =  ti. (8.) 
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a  comddered  desirable  by  millwrights,  vrith  a  view  to  the 
ration  of  the  uniformitj  of  shape  of  the  teeth  of  a  pair  of 
eels,  ibat  each  given  tooth  in  odc  wheel  should  work  with  as 
Dj  dtOereat  teeth  in  the  other  wheel  as  possible.  They  there- 
i  stady  U)  make  the  numbera  of  teeth  in  each  pair  of  wheels 
'eh  work  together  such  aa  to  be  either  prime  to  each  other,  or  to 
have  their  ^re^test  common  divisor  as  small  at<  is  possible  con- 
■istenUj  with  the  pnrpoaes  of  the  machina 

When  the  ratio  of  the  angular  velocities  of  two  wheels,  being 
lednced  to  its  least  terms,  is  expressed  by  numbers  less  than 
tboae  which  can  be  given  to  wheels  in  practice,  and  it  becomes 
neoeawiy  to  employ  multiples  of  those  numbers  by  a  common 
tanltipUer.  which  becomes  a  common  divisor  of  the  numbers  of 
t«eUi  in  the  wheels,  millwi^ghta  and  engine- makers  avoid  the  evil 
cf  fivqnent  contact  between  the  same  p&ira  of  teeth,  by  giving  one 
■dditjonsl  tooth,  taUed  a  hunling-cog,  to  the  larger  of  the  two 
«liecU.  This  expedient  causes  the  velocity -ratio  to  be  not  exactly 
bat  only  approximately  equal  to  that  which  was  at  first  contem- 
pUl«l;  and  therefore  it  cannot  be  used  where  the  exactness  of 
oerUiii  velod^-ratios  amongst  the  wheels  is  of  importance,  m  in 

I  lie.  mmUm  FiaUB.—The  »mallesl  number  of  teeth  which  it  is 

nimble  to  give  to  a  pinion  (that  is,  a  small  wheel),  is  regulated 

r  principles  which  will  appear  when  the  forms  of  teeth  are  con- 

■  red.     The  following  are  the  least  numbers  of  teeth  which  con  be 

vittf  «-roploycil  in  pinions  having  teeth  of  the  three  classes  of 

I  named  l>elow,  whose  properties  will   be  explained  in  tho 

I.  Involute  teeth, 25 

U.  Epicycloidal  teeth,... 12 

HI.  Round  t«ebb,  or  itom^ 6 

ArUksMicBl  Bair*.— For  convenience  sake  the  following 
innftical  mles  arc  here  given,  as  being  useful  in  the  designing  of 
Ibed  gearing 

»t  To  find  the  prime  /aetora  of  a  pioen  nvmler.  Tr)-  the  prime 
DiiinlieTS,  9,  3,  5,  7,  11,  &c.,  as  divisors  in  succession,  until  a  prime 
notalicT  fans  been  found  to  divide  the  given  number  without  a 
rcnwinder ;  then  try  whether  and  how  many  times  over  the  quotient 
i«  again  divisible  by  the  same  prime  number,  so  as  to  obtain  a 

rieut  not  divisible  again  by  the  same  prime  number;  then  try 
diviaioDOf  that  quotient  by  the  next  greater  prime  number;  and 
m>  on  until  a  quotient  is  obtained  whiclt  is  itself  a  prime  number; 
S  ia,a  number  not  divisible  by  any  other  number  except  1.  This 
ll  qootient  and  the  series  of  divisors  will  be  the  prime  factors  of 
•  given  Btunber.    To  test  the  accuracy  of  the  process,  m\:tVti\iV:j 


I 
I 
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all  the  prime  factors  together;  the  product  iihoald  be  the  g^ven 
number. 

IL  To  find  (he  greatest  common  measure  (otherwise  called  the 
greatest  common  divisor)  of  two  nmnbera.  Divide  the  greater 
number  by  the  less,  so  as  to  obtain  a  quotient,  and  a  remainder  less 
than  the  divisor;  divide  the  divisor  hj  the  remainder  as  a  new 
divisor;  that  new  divisor  by  the  new  remainder;  and  so  on,  until  a 
remainder  is  obtained  which  divides  the  previous  divisor  without 
a  vemainder*  That  last  remainder  will  be  the  required  greatest 
OH&mon  measure. 

If  the  last  remainder  is  1,  the  two  numbers  are  said  to  be  ''prime 
to  each  other." 

SoBomple. — Required,  the  greatest  common  measure  of  1420  and 
180a 

Divisor,  1420)  1808  (1,  Quotient 

1420 

Remainder,         388)  1420  (3,  Quotient 

1164 

Remainder,         256)  388  (1,  Quotient 

256 

Remainder,         132)  256  (1,  Quotient. 

132 

Remainder,         124)  132  (1,  Quotient 

124 

Remainder,        8)  124  (15,  Quotient 

120 

Remainder,        4)  8  (2,  Quotient 

The  last  remainder,  4,  is  the  required  greatest  commcm 
measure. 

IIL  To  reduce  the  ratio  of  two  numbers  to  its  least  terms, 
divide  both  numbers  by  their  greatest  common  measure. 

,     1808  ^  4      452 

xor  example,  ,  ,^^ r  =  ^^-^» 

*^   '1420  -r-  4      355 

IT.  To  express  the  ratio  of  two  numbers  in  tJie/orm  of  a  eontmmed 
frttction.  Let  A  be  the  lesser  of  the  two  numbers,  and  B  the 
greater;  and  let  a,  5,  c,  c/,  drc.,  be  the  quotients  obtained  daring 
the  prooess  of  finding  the  greatest  common  measure  of  A  and  a 
Then,  in  the  equation 


COSTraDED   FRACnOSi 


6  +  1 


c+1 


^^Me  riglit-luind  side  is  the  coutinued  fiuctioo  required. 
^^m   To  save  space  in  printing,  a  continued  fraction  is  often 
^blbUnos;— 

j_    >       1       I     I 
"  +  6+^+ <<  +  ''=■ 

Tha  ratio  of  two  incoromenenraUe  quaatitiea  is  eicpressed  by  an 
omIIms  continued  fraction.     For  example,  the  ratio  of  the  diagonal 
1111, 


'   2  +  2  +  3  +  3+" 


to  tli»  idde  of  a  Bijosre  b  expressed  b 

without  end. 

V.  To  farm  a  aenea  of  approximntiims  to  a  given  ratio.     Express 
tli«  rktio  in  the  form  of  a  continued  fi-action.     Then  write  tLa 

qai>tients  in  their  orders  and  in  a  line  below  them  write  -^  to  the 

1«A  of  the  first  quotient,  and  ^  diivcclj  nnder  the  first  quotient. 

Then  emlcoiate  a  »eries  of  fractions  by  the  following  rule : — Multiply 
lh«  (sm  quotient  by  the  numerator  of  the  fraction  that  a  below 
it,  uxt  add  the  numerator  of  the  fraction  next  to  the  left;  the 
ram  will  be  the  numerator  of  a  new  fraction :  multiply  the  first 
qnotimt  by  tho  denominator  of  the  fraction  that  in  below  it,  and 
add  tb«  draomioator  of  the  fraction  that  is  next  to  the  left;  the 
■um  will  be  the  denominator  of  the  new  fraction ;  then  write  that 
uew  fraction  nnder  the  second  qnotient,  and  treat  the  second 
\  the  fraction  below  it,  and  the  fraction  next  to  the  left,  as 
^ton,  to  find  a  fraction  which  is  to  he  written  under  the  third 
qnotieiit,  uid  ao  on.     For  example : 

,  b,    e,    d,  ttc. 
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Quotients, 1     3     1     1     1     15       2 

^       .  0     1     1     4    5    9     14    219    452 

^^^^^^' i     0     i     3    4     7     fi     172    355 

Less  or  greater  than  W     G    L    G   L    G    L      G 
given  ratio, j 

The  fractions  in  a  series  formed  in  the  manner  just  described  are 
called  converging  frctctionSy  and  they  have  the  following  properties : — 
First,  each  of  them  is  in  its  least  terms;  secondly,  the  difference 
between  any  pair  of  consecutive  converging  fractions  is  equal  to 
unity  divided  by  the  product  of  their  denominators;  for  example, 

9      5      36  -  35        19       14       99-98        1      ^,.„      ^, 

7  -  4  =Tirr  =  2-8^  7  -  11  =  TTTT  =  7-7^  "^"^^^  ^"^ 

are  alternately  less  and  greater  than  the  given  ratio  towards  which 
they  approximate,  as  indicated  by  the  lettera  L  and  G  in  the 
example;  a,xid,  fourtfdy,  the  difference  between  any  one  of  them 
and  the  given  ratio  is  less  than  the  difference  between  that  one  and 
the  next  fraction  of  the  series. 

Fractions  intermediate  between  the  converging  fractions  may  be 

found  by  means  of  the  formula  -^ j — >;  where  —and  — r  are 

•^  hm  +  Kin  m        m 

any  two  of  the  converging  fractions,  and  h  and  k  are  any  two  whole 

numbers,  positive  or  negative,  that  are  prime  to  each  other. 

118.  A  Train  of  WheeiwMrk  (A.  M.,  449,)  consists  of  a  series  of 
axes,  each  having  upon  it  two  wheels,  one  of  which  is  driven  by  a 
wheel  on  the  preceding  axis,  while  the  other  drives  a  wheel  on  the 
following  axis.  1  f  the  wheels  are  all  in  outside  gearing,  the  direction 
of  rotation  of  each  axis  is  contrary  to  that  of  the  adjoining  axes. 
In  some  cases  a  single  wheel  upon  one  axis  answers  the  purpose 
both  of  receiving  motion  from  a  wheel  on  the  preceding  axis  and 
.giving  motion  to  a  wheel  on  the  following  axis.  Such  a  whed  ii 
called  an  idle  wheel:  it  affects  the  direction  of  rotation  only,  and 
not  the  velocity-ratio. 

Let  the  series  of  axes  be  distinguished  by  numbers  1,  3,  3^ 
Ac  .  . .  ,  m;  let  the  numbers  of  teeth  in  the  driving  foheeU  be 
denoted  by  N's,  each  with  the  number  of  its  axis  affixed;  thos^ 
Nj,  Nj,  &C.  .  .  .  .  N.  .. ;  and  let  the  numbers  of  teeth  in  the  dniom 
or  following  wheels  be  denoted  by  n's,  each  with  the  number  of  its 
axis  affixed;  thus,  74,  n^  &c  .  . .  .  n..  Then  the  ratio  of  the 
angular  velocity  a.  of  the  m^  axis  to  the  angular  velocity  Oj  of  the 
first  axis  is  the  product  of  the  m  -  1  velocity- ratios  of  the 
sive  elementary  combinations,  viz. : — 

a^  _  N^ .  y^ .  Ac.  . . . .  N^  _  I 
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t  is  to  Bay,  the  velocity-ratio  of  the  laBt  and  first  axes  is  the 
o  of  the  pitHluct  of  the  numbers  of  teeth  in  the  drivers  to  the 

tdort  of  the  numbers  of  teeth  in  the  followers;  and  it  is  obvious, 
3  loDg  as  the  same  drivers  and  followers  constitate  the  train, 

I  order  in  which  they  ancceed  each  other  does  not  affect  tha 
iCHultant  velocity-rntiii. 

SapposiDg  ail  the  wheels  to  I>e  in  outside  gearing,  then,  as  each 
elementary  combination  reverses  the  direction  of  rotation,  nnd  as 
the  number  of  elementary  combinations,  m  —  1,  is  one  less  than 
tlie  Dumber  of  axes,  in,  it  is  evident  that  if  m  is  odd,  the  direction 
of  rotatioa  b  preserved,  and  if  even,  reversed. 

ll  is  often  a  question  of  importance  to  determine  the  n\irabers  of 
t«eth  in  a  tiaia  of  wheels  bext  suited  for  giving  a  determinate 
T»Iodty-ratio  to  two  axes.  It  was  shown  by  Young,  that  to  do 
tliis  with  the  leiut  total  mtniber  of  teeth,  the  velocity- ratio  of  each 
elementacy  combination  should  approximate  as  nearly  as  possible  to 
3-59.  This  would  in  some  cases  give  too  many  axes;  and  as  a 
convenient  practical  rule  it  may  be  laid  down,  that  from  3  to  6 
o^ight  to  be  the  range  of  the  velocity-ratio  of  an  elementary  com- 
Unation  in  wheelwork. ' 

Let  -r  be  the  velocity-ratio  required,  reduced  to  its  least  tenos, 

uid  let  B  be  greater  than  C. 

If  — .  a  not  greater  than  C,  and  0  lies  between  the  prescribed 

minimum  number  of  t«eth  (which  may  be  calleil  I),  and  its  donble 
2 1,  Husa  one  pair  of  wheels  will  answer  the  purpose,  and  B  and  0 
will  themselves  be  the  numbers  required.  8hnnld  B  and  0  be 
inconveniently  lorge,  they  are  ifposaible  to  be  resolved  into  factors, 
and  thotU'  factors,  or,  if  they  are  too  small,  multiples  of  them,  used 
for  tb«  numbers  of  teeth.  Should  B  or  C,  or  both,  be  at  once 
ivenientty  lai^,  nnd  prime,  or  should  they  contain  incon- 


;  factors,  then,  instead  of  the  exact  ratio 


0' 


"  Tb*  following  are  »ome  examples  of  thr  rerJts  of  Yoong's  mle,  the  ftrst 
'  '  iiDK  velocity -retiua,  anil  tbe  wcond,  the  DumliErs  of  clementaiy 
IS  of  wheels  snited  to  give  velocity-ratios  intennediiito  between 
«  in  the  tint  line ; — 
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some  latio  approximating  to  that  latio,  and  capable  of  leaolntion 
into  convenient  factors,  is  to  be  found  by  the  method  of  oontiniied 
fractions  (see  Article  117,  page  106);  also  Willis  On  MechamsB^ 
pages  223  to  238). 

Should  p  be  greater  than   6,  the  best  number  of  elementary 

combinations  is  found  by  dividing  by  6  again  and  again  till  a 
quotient  is  obtained  less  than  unity,  when  the  number  of  diviaiona 
will  be  the  required  number  of  combinations,  m  —  1. 

Then,  if  possible,  B  and  C  themselves  are  to  be  resolved  each 
into  m  —  1  flEu^tors,  which  factors,  or  multiples  of  them,  shall  be  not 
less  than  t,  nor  greater  than  6t;  or  if  B  and  C  contain  incon- 
veniently large  prime  factors,  an  approximate  velocity-ratio,  found 

by  the  method  of  continued  fractions,  is  to  be  substituted  for  p,  as 

before.  When  the  prime  factors  of  either  B  or  C  are  fewer  in 
number  than  m  —  1,  the  required  number  of  fisu^rs  ia  to  be  made 
up  by  inserting  1  as  often  as  may  be  necessary.  In  multiplying 
factors  that  are  too  small  to  serve  for  numbers  of  teeth,  jnime 
numbers  differing  from  those  already  amongst  the  factors  are  to  be 
preferred  as  multipliers;  and  in  general,  where  two  or  more  &ctors 
require  to  be  multiplied,  different  prime  numbers  should  be  used 
for  the  different  factors. 

So  far  as  the  resultant  velocity-ratio  is  concerned,  the  order  of 
the  drivers  N,  and  of  the  followers  n,  is  immaterial;  but  to  secure 
equable  wear  of  the  teeth,  as  explained  in  Article  115,  page  104, 
the  wheels  ought  to  be  so  arranged  that  for  each  elementary  com- 
bination the  greatest  common  divisor  of  N  and  n  shall  be  either 
1,  or  as  small  as  possible;  and  if  the  preceding  rules  have  been 
observed  in  the  choice  of  multipliers,  this  will  be  ensured  by  so 
placing  each  driving  wheel  that  it  shall  work  with  a  foUowiDg 
wheel  whose  number  of  teeth  does  not  contain  any  of  the  same 
multipliers;  for  the  original  numbers  B  and  C  contain  no  common 
factor  except  1. 

The  following  is  an  example  of  a  case  requiring  the  use  of 
additional  multipliers : — Let  uie  required  velocity-ratio,  in  its  least 
terms,  be 

B  _  360 

C  "     7  • 

To  get  a  quotient  less  than  1,  this  ratio  must  be  divided  by  6 
three  times ,  therefore  m  —  1  =  3.  The  prime  fjEictors  of  360  are 
2'2*2'3'3*5;  these  may  be  combined  so  as  to  make  three 
factors  in  various  different  ways ;  and  the  preference  is  to  be  given 
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t  that  irhiclt  mak(^  tb«se  fuctors  least  nnequol,  viz.,  5  ■  8  •  9. 
mce,  rrsolvJDg  nnmerator  and  denomiDator  into  three  factors 
eadb,  wc  have 


C        1  ■  1  •  7' 

It  ia  iioct  necessary  to  mnltiply  the  factors  of  the  nnmciator  and 
linabor  by  a  set  of  three  maltipUcrs.     Suppose  that  the  wheels 
DWid  are  of  mch  a  class  that  the  smallest  pinion  has  12  teeth, 
Aea  thoae  mwltipUera  must  he  snch  that  none  of  their  products  by 
the  existing  factors  shall  be  leas  thau  12;  and  for  reasons  already 

?'ren,  it  us  adviiiable  that  they  should  be  different  prime  numbers. 
ake  the  prime  nnmbera,  2,  13,  17  (2  being  taien  to  multiply  7); 
Umq  tii9  numbers  of  teeth  tu  Uie  foUowere  will  Le 


^■Iti« 
■»beu 


13  X  1  =  13;  17  X  1  =  17;  2  X  ! 


=  U. 


In  distribodng  the  multipliers  i 
mtor,  let  the  smallest  multi]jlici 
hctor,  and  so  on ;  then  -we  have 


mongst  the  faotoro  of  the  nam- 
be  combined  with  the  lat^gest 


IT  > 


;  13  X  8  =  101;  2  x  9  =  18. 


FiiMlly,   in   combining  the   drivers  with  the 
trambcts  Arc  to  be  combined  which  Imve  1 
t  being  the  following  train  of  wheels : — 

85    16     104       360 
li' 13"   17    "     7 

BBd  Bn^ial  PUeh. — The  diametral  pitch  of  a, 
r  -wbwl  is  a  length  bearing  the  same  proportion  to  the  pitch 
T  einvlaT  -pitch,  that  tlio  diameter  of  a  circle  bears  to  its 
ind  the  radial  pilch  is  half  the  diametral  pitcli. 
r  words,  the  diametral  pitch  is  to  be  fonnd  liy  dividing  the 
r  of  the  pitch-circle  liy  the  number  of  teeth  in  the  whole 
I,  and  the  i^dial  pit^h  by  dividing  the  ntdius  by  the 
Mine  UDtnber.  In  symbols,  let  p  be  the  pitch,  properly  so  odled, 
or  eireahir  jntch,  as  measured  on  the  pntch  drcie.  r  the  radtus  of 
tbc  |nteh  «ime,  or  geomdriad  radiae,  and  n  the  number  of  teeth; 

e  tliMnetnd  pitch,  and  -'■  the  radial  pitch;  then 


"■'■P'-n^r. 
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Wbeela  are  sometimes  described  by  statiog  how  muij  teeOi  Uwy 
ban  for  each  inch  of  diameter;  that  b  to  eaj,  by  BtAttDg  Ct«  nofm- 

tei  of  the  diametral  ^Uh  in  iiKhe»  (  -  =  ^  '  )j  uidthephnMiiiHd 

in  BO  deecribing  them  are  rach  sb  the  following : — A  thrm-pilti  mind 
a  «  wheel  hATiog  three  teeth  for  each  inch  of  diaioeter  ;  »:>  tlwt 

9  =  =  inch,  and  p  =  ^ys o  u>ch  —  l^MTS    inch;    a    (cM-pU 

tcAosf  is  a  wheel  having  ten  teeth  for  each  inch  of  diameter;  m  d 

J  =  0-1  inch,  and  p  =  'j^  inch  =  031416  inch;  and  so  « 

The  followiDg  are  mlea  for  solving  qneiitions  r^arding  r. 
and  circular  pitch  by  gisphic  constmction. 

L  Gitvjt,  lite  circular  pile/i  of  a  i^tti,  to  find  At  radial  f 
I>raw  a  straight  line  equal  U>  one-sixth  part  of  the  given  c* 
pitch,  and  then,  by  Rule  IV.  of  Article  51,  page  29,  find  thati 
ends  of  a  circular  arc  approximately  equal  in  length  to  that  vtai^ 
line,  and  eabtending  (A)'.  The  chord  of  that  arc  will  be  theM 
quired  radial  pitch  very  nearly,  being  too  long  by  about  o 
part  only. 

This  may  be  expressed  in  other  words,  as  fullows  (sec  fig.  79)S4 
Let  A  £  be  a  straight  line  equal  to  one-sixth  of  the  given  a 
r  pitch.      Draw  the    equilateral    ti 

ABC.  bisect  BG  in  D.  and  join  a1 
in  A  B.  take  A  E  =  i  A  B,  and  al  "^ 
E,  with  the  radius  E  B  =  J  A  B.  d 
the  cii-cular  ai-c  B  F,  cutting  A  D  | 
duced  in  F;  A  F  wUl  be  the  r      ' 
approximate  radial  pitch. 

If  greater  accuracy  is  required,  t 

the  straight  line  equal  to  one-twvliUkfl 

a.       s  B  the  circular  pitch,  and  let  the  aa^t  a 

Fig.  79.  tended  by  the  arc  be  30°;  the  ndt* 

that  arc  will  be  the  required  radial  p 

correct  to  one-l'l,400th  part 

II.  Gtowt,  the  radial  piieA  of  a  wheel,  to  find  the  eireular  f 
"With  a  radius  equal  to  six  timea  the  givea  radial  pitch  de«cribal 
circle :  mark  upon  the  circumference  of  that  circle  a  chord  equal  Ml 
(he  radius,  bo  as  to  lay  otT  an  arc  equal  to  one-sixth  part  ot  the  or- 
cumference;  then,  by  Rule  I.  or  II.  of  Article  51.  page  28,  dnwa 
straight  line  approximately  equal  in  length  to  that  arc;  tho  length 
of  that  straight  line  will  be  the  required  circular  pitch,  very  noirij. 
If  Rule  I.  ia  used,  the  straight  line  will  be  too  ahoH  br  aboot 
one-900th  part;  if  Rule  II.  is  nsed.  it  will  1«  loo  long  ^  a 
one-3,600th  part     If  a  closer  approuination  is  required,  n 


posrrjoss  of  pahallel  axes— 


C-OFF  riTCU, 


113 


(be  circniar  pitch  by  both  iiilea;  then  to  the  length,  as  measured 
by  Kule  I.,  aJldybur  timeg  tlio  length  as  im-iLsiired  by  Rule  II,  and 
dnide  the  sum  hjfive;  the  quotient  will  be  the  required  circular 
jntck,  correct  to  about  one-40,000th  pait. 

120.  BelMiirePMlilon-nrPBiaUcIAitola  Wheelitarb — I.  Given, 

tbe  rHilial  pitch  and  the  numbers  of  teeth  of  a  ]>air  of  wheels  with 

T«raUel  axea,  to  find  the  length  of  the  line  of  centres,  or  diatancu 

lietween  the  axes.    Multiply  tbe  radial  pitch  by  the  sum  or  by  the 

diaerence  of  the  uiimbers  of  teeth,  according  as  the  wheels  are  in 

onbiide  or  ineide  gearing. 
n.  GiveD,  the  longtii  of  the  line  of  centresi,  and  tho  numbers  of 

W*lh,  to  find  the  radial  pitch.    Divide  the  given  kngth  by  the  aum 

«r  tb«  difference  of  the  numbers,  according  aa  the  wheels  are  in 

vuUide  or  inside  geaiing. 
HI.  Given,  in  tig  80,  the  perpendicular  distance  A  A~  between 

tbe  fint  nnd  last  axes  uf  a  train  of  wheels,  which  are  to  turn  about 

pulU   axes  all   in    one   ^ 

fiine,  and  the  numbers  of 

Huh  of  the  wheels;  re- 

ijwed,  the    positions    of 

Um  sereral    pitch -points  ' 

•ad    intermediate     axes. 

''rom  one  end,  A,  of  the 

Onigbt  line  A  A",  draw, 

in  any  convcniRnt  different 

iJIrectiou,  another  straight 

line  A  «",  ou  which  lay 

oB,    oil    any    convenient 

Male,  a  series  of  lengths 

fmjHirtional  to  the  num- 

bm  of  teeth,  viz. :  A  i  for  the  first  dri 

o'  I  for  the  second  drii^cr,  »'  a"  for  the  second  follower ;  and  so  on. 

Let  a"  be  the  end  of  that  series  of  kngthsL     Draw  tho  sti-aight 

lioc  a'  A',  and  ]iarallel  to  that  lino  draw  a.  series  of  straight 

line*,  i'l.  «'  A,  itc.  through  the  points  of  division  of  A  a",  cnttmff 

A  A"  in  »  Mrrespondiiig  series  of  points  of  division.     Then  A',  A", 

*c,  will  npteseut  the  intennediflto  axes,  and  I,  I',  Ac,  tbe  pitch- 


rig.  80. 
i  for  the  first  follower ; 


l:!l.     l:,ailBK-*ff    PlUb,   and    HHktlrlaloa    at    Plleli-I.lii«.— The 

!«yii»g-off«flhe  pitch,  or  of  any  nmltiple  of  the  pitch,  on  tbe  pitch- 

litM  of  ft  wheel,  ia  to  be  performed  by  means  of  liiile  III.  of  Article 

&l.mg«  S9.   The  laving-off  of  thn  same  length  ujwn  several  diflbrent 

mtdt-linn,  «  as  to'tind  corretpotuiinif  pitdvpoirds  upon  them,  may 

_.  £a  pnfonncd  at  one  operation,  as  follows ;~Let  the  straight  lina 

E^  O  lOTtweiit  the  given  length,     in  A  O  take  A  C  =  4  AG; 

^Ba  abont  C,  with  the  radius  C  O  =  J  A  G,  draw  a  circulac  &tc, 


I 
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D  G  D.*^    Let  A  D,  A  D',  &c.,  be  arcs  of  different  pitch-lines, 
touching  A  G  in  A,  and  cut  off  by  the  dotted  circular  arc;  each 

of  these  arcs  will  be  approxi- 
mately equal  in  length  to  A  G. 
As  to  the  operation  of  *^piidtr 
^  ing^^ — that  is,  division  of  a  pitch- 
circle  or  other  pitch-line,  or  of 
any  part  of  a  pitch-line^  into  any 
required  number  of  parts,  each 
equal  to  the  pitch — see  Artide 
51,  Rules  V.  and  VL,  pages  29 
and  30. 

Circular  and  straight  pitch- 
lines  maybe  subdivided  l^means 
of  "Dividing  Engines."  In  a 
dividing  engine  the  piece  upon  which  divisions  are  to  be  mariced 
is  fixed  upon  a  suitable  support,  capable  of  turning  about  an  aaua 
or  of  sliding  in  a  straight  line,  as  the  case  may  be,  and  moved  by 
means  of  a  screw.  By  turning  the  screw  a  motion  of  any  required 
extent  can  be  given  to  the  piece,  and  repeated  as  often  as  may  be 
necessary;  and  after  each  such  movement,  a  mark  is  made  on  the 
surface  to  be  divided  by  means  of  a  sharp  point  or  edge,  havxng 
a  movement  transverse  to  that  of  the  piece  to  be  divided.* 

Machines  are  used  by  mechanical  engineers,  with  movementi  on 
the  principle  of  dividing  engines,  which  serve  both  to  pUdk  wheels 
or  divide  their  pitch-circles,  and  to  cut  their  teeth  to  the  pioper 
shape.     Such  machines  will  be  again  mentioned  further  on. 


Section  IY. — Sliding  Contact — TeeUiy  Screw-Gearingy  and  Ccom. 

122.    Ck^aeml  Principle  of  fHidiac  Coatact. — The  line  of  OtmiMO- 

lum,  in  the  case  of  sliding  contact  of  two  moving  pieces,  is  the 
common  normal  to  their  surfaces  at  the  point  where  they  touch ; 
and  the  principle  of  their  comparative  motion  is,  that  fA«  com-- 
panenlSy  along  that  normal,  of  the  velocities  of  any  two  pouU9 
Unversed  by  it,  are  equal.  This  being  borne  in  mind,  all  questioiis 
of  the  comparative  motion  of  a  pair  of  primary  pieces  in  sliding 
contact  may  be  solved  by  means  of  the  Kules  of  Article  91,  psges 
78  to  80. 

The  acting  surfaces  of  a  pair  of  pieces  in  sliding  contact  nmy  be 
both  plane  or  both  convex,  or  one  convex  and  one  plane;  but  one 

*  For  deacriptionB  of  dividing  engines  for  pnrpotei  of  grastpreeiMii,  wm 

Bsmadoi's  Detcription  oftinJBngmefor  Diviamg  Unthrmaticfiifntirumtmit, 

2777;  BsunMdeB'a  I>esay>tion  of  an  Engine/or  Dividing  Straight  Linee,  1779; 

Holtampffel  On  Turning  and  ifecKomool  Mouiipulalloix^  noU  it.  naflw  639 

io6M 
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of  Utem  only  ran  be  cimcave;  and  in  tlint  case  the  other  must  be 
eonrex,  and  i>f  &  cnn'ature  not  Iktter  than  that  of  the  concave 

ISX  TcMh  •€  Wheel*  una  Kacka.  GrBerol  Prlaclplo.  (A.  M'., 
iSl.l — ^Tbe  figures  of  tlie  teeth  of  wheels  and  iiicka  nre  regnlateU 
\>T  tie  principl*,  thai  Oie  fe^h  nhtdl  rjive  tJie  same  velocily-ratio  Sy 
tkair  duHny  eotUeui  which  the  ideal  toothless  jntch-sttr/aces  tcould  give 
5y  (ft«ir  nlling  contact. 

Le»  B,,  Bj,  in  fif:;.  82,  be  purta  of  the  pitch-lines  of  a  pair  of 
whvrls,  I  the  ]>itch-;>oint,  and  0,,  C,  the  traces  of  the  axca. 
According  to  Article  91,  pages  78  to  80,  the  comparative  velocity 
wf  two  connected  pieces  depends  on  the  position  of  the  point  where 
ibe  line  of  connection  cats  the  line  of  centres.  For  a  pair  of  smooth 
,  that  point  is  the  pitch-point  I ;  and  for  a  pair  of 
Hinididing  contact,  it  is  thepoint  where  the  line  of  counection 
of  tbcM  sarfaees  (being,  as  stated  in  the  preceding  Article,  their 
eooMBOti  normal  at  the  point  wberc  they  touch)  cuts  the  plane  of 
Um  utest.  Hence  the  condition  of  the  correct  working  of  the  teeth 
irf  wbecia  and  racks  is  the  following : — 

The  line  of  eojoieetion  of  the  teeth  illiquid  oltmya  traverea  the  pittA- 
fmmL 

Pot  example,  in  fig,  82,  A,  T,  and  Aj  Tj  may  represent  the 
tneoa  of  pvia  of  the  acting  surfacea  of  a  pair 
of  teoth  belonging  to  the  driver  and  follower 
mpocttrely,  T,  and  Tj  a  pair  of  particles  in 
tbMD  Mirfiiori,  which  at  a  given  inatunt  touch 
acb  other  in  one  point,  and  P,  T,  Tj  P,  the  "; 
coHwon  normal  at  tliat  point;  then  that 
MiniMl  ought  always  to  tmverge  the  pitch- 
poiat  L 

At  tb«iiiatant  of  passing  the  line  of  centres 
tb»  point  of  contact  of  a  pair  of  teeth  coincidea 
with  the  pitch -jioint. 

in,      TtMk— DeamilMH    or   Iheir    Paru.— 

That   [«rt  of   the    fhost    or   acting  surface  Fig.  63. 

tt  a  tooth  which  projects  beyond  the  pitch' 
aar&c«  ia  called  the  face;  that  jiart  which  lies  within 
latdi^aotface,  the  Flakk.  The  flanks  of  the  teeth  of  the  driver 
drim  the  lacca  of  the  teeth  of  the  follower,  and  the  facea  t 
tntli  of  the  dtiver  drive  the  flanks  of  the  teeth  of  the  follower. 
The  opTTvapondiug  divisions  of  the  back  of  a.  tooth  may  be  called 
the  BACK-rACB  and  back-fijikk.  The  face  of  a  tooth  in  outside  gear- 
iscia  alwaya  oonTex;  the  flank  may  be  convex,  plane,  or  concave. 
^Wbon  the  motion  of  a  pair  of  wheels  la  reversed,  tbe  \itStsi  (il 
teeth  betwroe  the  acting  surfaces. 
(be  rtKn-roixr  of  a  tootu  is  meant  the  point  wUero  * 
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pitch-line  of  the  wheel  cuts  the  front  of  the  tooth.  At  the  initaBt 
of  passing  the  line  of  centres,  the  pitch-pointa  of  a  pair  of  teeth 
coincide  with  each  other,  with  the  ]>oiut  of  contact,  and  with  th* 
pitch-point  of  the  pitch-lines. 

The  DEPTH  of  a  tooth  is  the  distance  in  the  direction  of  ■  mlia> 
from  root  to  creat ;  the  extent  to  which  the  crest  of  n  tooth  pK>j«c(* 
1>eToud  the  pitch-surface  is  called  the  addendum  ;  and  a  line  panUd 
to  the  ])itch-line,  and  touching  the  crests  of  all  the  t«elh  of  a  vhcd 
or  ruck,  is  called  the  addekduh-use,  or,  in  a  circular  whnl,  lie 
ADDENDuu-cracLE.  The  radius  of  the  addendum -circle  of  a  circdai 
wheel  is  called  the  real  radius,  to  distiugiiish  it  from  tlie  ndim 
of  the  pitch-circle,  which  is  called  the  oEOM^rBicAi.  badius. 

Clearance  or  fbeedok  is  the  excess  of  the  total  depth  abore  thr 
working  depth,  or,  in  other  words,  the  least  distance  betweea  Uk 
crsst  of  a  tooth  of  one  wheel  and  the  bottom  of  the  hollow  betwea 
two  teeth  of  another  wheel,  with  which  the  first  wheel  goat. 

The  pitch  of  a  pitch-lioe  is  divided  hy  the  fronts  and  liwb  tf 
the  teeth  into  thickness  and  space.  Tlie  excess  of  the  ntot 
between  the  teoth  of  one  wheel  above  the  thickness  of  the  teeu  tl 
another  wheel  with  which  the  first  wheel  gears  is  called  PtiT  tr 
back-lash;  because  it  in  the  distance  through  which  the  pitch-tinr 
of  the  driver  moves  after  having  its  mutii)n  reversed  before  lfc« 
backs  of  the  teeth  begin  to  act. 

125.  rHiamrr  iiiB*M.iaBs  mt  TrMk^-The  following  are  (u*- 
tomary  diniemiont  for  teeth,  taken  from  a  table  which  Hr. 
Fairbairn  gives  in  his  treatise  On  Miiltmrk  {see  fig.  83). 

It  is  to  bo  understood  that  these  customary  dimensions  may  I* 
departed  from  when  there  is  any  sufficient  reason  for  domg  ai' 
Examples  of  this  niU  appear  in  the  sequeL 
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Let  the  pitch  0  D  ^ 

~D^h,  total,  A  B  =  0"o  ;;; 

Clearance  or  freedom,  E  B I        ,     „ -n  nj\j  ■     l    > 

AJ«..  playorUck-la^,  F  D  -  C  f)  =  ■^=  ^'"^^  +  OOlinchi' 

Depth,  working,  A  E  =  075  p  -  /; 


Addendam,  A  G 


AE; 


PD 


_P_^J 


\  Iho  toeth  (iu  a  cast-iron  wheel) 


L  Tliickncw  or  rwg  which  car 
b  thkkii<«a  of  tootli  at  root 

I  ZIm)  teeul  t/uckneu  gujteient  for  the  teeth  of  a  given  pair  rf 
""'"  ia  a  quetition  of  strength,  depending  ou  the  force  to  be 
;  and  although  auch  queationa  [.rojterly  belong  to  a  later 
1  of  this  ti-eati^ie,  it  mity  he  convenient  to  state  here  the 
nle  generally  relied  on  -.—Divide  tlie  yrtfUtst  pressure  to  be  exerted 
ittietot  a  pair  of  teelh  in  pounds  by  1,500 ;  (/w  square  root  oj  (An 
fSOfimf  mil  be  l/ie  leatt  proper  l/iiekaest  in  inches. 

For  imstures  ex)treK5ca  in  kilogrammes,  and  thicknesses  in 
BulUm^m,  tliu  divisor  becomes  l-Ooo;  the  rule  being  in  otbci 
iga[«icU  the  same. 

The  Imti  breudih  mi^kieiU  fur  the  fi-ontu  nf  teeth  is  a  quantity 
depoiding  on  dynamical  ])rinciple8,  and  belonging  properly  to  the 
next  diriaton;  but  for  convenience  it  may  here  be  stated  that  un 
<]tilinai7  rule  is  as  follows : — Divide  the  ffreaieit  pressure  to  be  exerted 
ijt  ptniuU  ly  iJie  jnlch  in  inehee,  and  by  ICO;  I/m  quotient  mil  be  l/te 
bnadlA  in  iaeliee. 

For  presares  in  kilogrammes  and  dimensions  in  millimStrea, 
iiMtead  of  dividing  by  IGO,  multiply  hy  9. 

126.  TcMh  ftr  tmmUm  GcariHf.— The  figurcH  of  the  aetingBurbces 
of  teeth  for  a  pitch-circle  in  iliaide  gearing  are  exactly  the  SBino 
'with  thow  suited  for  the  same  pitch-circle  iu  outside  gearing;  but 
ihe  relative  positions  of  teeth  and  spaces,  and  those  of  faces  and 
dank*,  are  reversed ;  and  the  addendum-circle  is  of  less  radius  than 
ti*  pitch^circte.  All  the  rules  in  the  ensuinfj  Articles,  with  thesu 
laodificatioDs,  may  Ira  applied  U>  inside  gearing. 

1:^'.    C-sBBfl*  TvImUt  end  BrlBlln  Vclaclij  >r  Tcdk— Avvtvmh 

e»mi»f*,—The  eoininon  vdocily  of  %  n>n.\r  <ji   . 
ioeb  =  /  miUimbtn:,  nearly.  ■' 
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teeth  is  that  component  velocit?  along  the  line  of  conoection  i 
is  commoD  to  the  pair  of  particles  that  touch  each  other  at  a  (^ 
instant  In  fig.  82,  page  115,  let  0,  P,  and  C,  P,  be  tie  < 
common  perpeudiculars  of  the  line  of  connection  and  the  two 
respectively,  and  let  a^  and  a^  denote  the  angular  velodttea  i 
those  axes ;  then  the  common  component  in  question  haa  tlte  i-alu^ 

Oi  -q  P,  =  a.,    CjP, (1.) 

The  relative  velocity  of  a  pair  of  teeth  in  the  velocity  with  which 
their  acting  enrfkccs  slide  over  ejtch  other;  and  it  is  found  u 
follows: — Conceive  one  of  the  pitch-sui'faces  to  be  6xed,  and  tbe 
other  to  roll  upon  it,  bo  that  the  line  of  contact  (I,  fig.  83,  pags 
115)  becomes  an  instantHneous  axis;  find  the  resultant  anguhr 
velocity  (see  Articles  73  tu  77,  pages  S2  to  5G,  and  Articles  81  aad 
82,  pages  C6  to  68),  and  multiply  it  by  the  perpendicular  dlstanoeof 
the  point  of  contact  of  the  teeth  (T,  tig.  82)  from  the  insUDtancoiis 
axis;  the  product  will  be  the  relative  velocity  required.  That  it 
to  aay,  let  e  denote  the  resultant  angular  velocity  about  the 
instantaneous  axis  of  the  pitch -surface  which  is  snpjMised  torol); 
and  in  fig.  82  let  I  T  l)e  the  peq>eiidieu!ar  distance  of  the  ptrint  «f 
contact  from  the  instantaneous  axis;  then  the  relative  veloci^ «f 
sliding  ia 

'IT (1) 

The  values  of  the  resultant  angular  velocity  e  (aa  has  ben 
■hown  in  the  previous  Articlee,  already  referred  to)  are,  for  pciaOel 
axes  in  outside  gearing,  e  —  Oj  -f  Oj;  for  pniullel  axes  in  insde 
gearing,  c  =  a^  ~  a^;  and  for  intersecting  axes,  the  diagonal  of  a 
paiaUelogram,  of  which  a,  and  a,  are  the  Ndes. 

While  the  point  of  contact,  T,  is  advancing  towards  the  ptt^ 
point  I,  the  roots  of  the  teeth  are  sliding  towanis  each  other,'  aad 
thia  relative  motion  ia  called  the  approach. 

The  relative  velocity  gradually  diminishes  an  the  approach  geca 
on,  and  vanishes  at  the  instant  when  I  T  =  0;  that  ia,  wh«B  Uw 
p<iiiit  of  contact  coincides  with  the  pitch-point;  so  tlwt  ttt  AM 
precise  instant  the  pair  of  t#eth  are  in  rolliDg  contact 

After  the  point  of  contact  has  passed  the  pitch-point,  tbe  raoto  of 
the  teeth  are  alidin;;  away  from  euch  other  wi^  »  gnwlMBBf 
incrcanog  relative  vi-lociiy;  and  this  relative  motion  ia  odM  tlw 

HECEStL 

During  the  approach  the  fiank  of  the  driver  drivw  tlie  £Me«f 
the  follower;  during  tlie  recess  tho  face  of  the  driver  driros  the 
flank  <rf  the  follower. 

The  exieitt  of  the  eliding  mntttm  of  a  pair  of  teeth  is  equal,  dunii^ 
the  approach,  to  the  excess  of  tbe  length  of  the  face  of  the  drives 
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tooth  aboT«  tbe  length  of  the  Bank  of  the  driving  tooth  ;  and  duiiug 
the  nwesB,  to  the  eKceas  of  the  length  of  tlie  Ikce  of  the  driving 
tooth  above  the  length  of  the  flaolc  of  the  driven  tooth. 

The  PATH  OF  CONTACT  is  the  line  traversing  the  various  pouitiona 
of  tb«  point  of  contact,  T  (hg.  83,  page  115).  If  the  lioe  of  cou- 
iMctioa  preserves  aliva^ra  the  same  position,  tliti  )>ath  of  contsot 
roincides  with  it,  and  in  struight;  in  othei'caueH  the  juth  of  contact 

It  b  divided  hy  the  pitch-point  I  into  two  pai'ts:  the  path  t^ 
approach.  describt^J  by  T  in  approaching  th<>  pitch-point;  »iul 
Iht.'  pai/i  <^  recta*,  described  by  T  after  having  passed  the  pitch- 
I«int. 

The  path  of  contact  is  boonded  where  the  a]iproach  commences 
by  the  addend iiDi -line  of  the  fuJIower;  and  where  tho  n^ceos  ler- 
miimleH,  hy  the  addendum -line  of  the  driver.  The  length  of  tho 
path  of  contact  mu»t  be  such  that  there  shall  always  be  at  least 
one  pair  of  teeth  in  contact;  and  it  is  better  still,  when  practicable, 
to  make  it  so  lon^  that  there  shall  always  be  at  least  two  jiuira  of 
teeth  in  contact;  but  this  ie  not  always  poesible. 

138.  An  .r  coBi-o.  {A.  if.,  4^1.)— The  arc  of  contact  on  a 
pitdi-linc  is  tliat  p«rt  of  the  pitch-line  which  passes  the  pitch-point 
daring  the  actiun  of  one  given  tooth  with  the  coiTuajmndiug  tooth 
of  the  other  wheeL 

Id  order  that  one  pair  of  teeth  at  least  may  bo  in  actios  at 
eaeh  inxlant,  the  length  of  the  arc  of  contact  mtint  be  greater  tfun 
iktjMdi;  and  when  jiracticable,  it  should  be  doubU  t/ie  pitch,  ia 
oner  that  two  pairs  of  ti'eth,  at  Icaet,  may  be  in  action  at  eadi 
inatant;  but  this  in  not  always  practicable;  and  the  most  common 
-rmlnm  are  from  1-4  to  18  limes  the  pitch.  It  is  divided  by  the 
&ont  of  the  tooth  to  which  it  belongs  inlo  two  ]mrts:  the  are  of 
approadt,  lying  in  advance  of  the  front  of  the  tootli ;  and  the  arc  of 
netu,  lying  behind  tho  front  of  the  tooth.  It  is  usual  to  make 
the  area  of  approach  and  of  recena  of  equal  length  ;  and  in  thrt 
«aM>  emch  of  them  most  be  •p'eat«r  t/ian  hal/t/ie  pilch,  and  should, 
if  pr»otic*ble,  be  made  eqiiai  to  (he  jnleh.  For  a  given  ]>ilch-line, 
MM  a  given  ^tch  and  figure  of  tooth,  the  length  of  those  arcs 
'  'Jie  addendum,  in  a  manner  to  be  afterwards  described. 
■■irr  ■r  a*«».— The  obtiqnity  of  action  of  a  pair  of 
teeth  is  the  angle  which  the  line  of  connection  makes  at  any 
iaataot  with  a  tangent  plane  to  the  two  pitch -surfaces;  for  ex- 
ample, IB  fig.  62,  page  lid,  the  comjilnmcnt  of  the  angle  at  I. 
When  the  path  of  contact  is  a  trtraight  line,  coinciding  at  erery 
iostont  with  the  line  of  connection,  the  obliqnity  is  constant;  in 
other  oaflcB  it  in  variable ;  and  its  mode  of  variation  is  usnally  auoh 
that  it  diminishes  during  tho  approach,  and  increaaec  again  during 
n«c^     In  a  dynamical  point  of  view,  it  ia  ndvanta^cotis  to  make 
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the  obliquity  aa  small  ae  possible ;  and,  on  the  other  hand,  there  u 
&  connectton  between  the  obliquity  of  action  and  the  number  o^ 
teeth  which  makes  it  impracticable  to  use  jiiniona  of  fewer  d»a  a 
certain  number  of  teeth  with  less  than  a  certain  inaximma  okliquitv 
of  action.  Mr.  Willis,  from  an  ejcamination  of  the  molli  ti 
ordinary  practice,  coQchidea  that  the  bt.>st  value  on  the  whole  for 
the  mean  obliquiltf  of  action  in  toothed  gearing  is  between  ll'and 
15°.  Such  au  angle  may  be  easily  constinicted  by  drawing  a  tight- 
angled  triangle  whose  three  aides  bear  to  each  other  the  prupatticni 
of  the  numbers 

65  :63  :  16; 

when  the  required  angle  will  lie  opposite  to  the  shortest  side  oS  the 
triangle.     The  values  of  its  chief  trigonometrical  functiona  ar^— 

uue, 16  -I-  65  =  0-2*01538,  nearly.  ^ 

cosine,. 63  ^  65  =  0-9692306.  nearly.  ^M 

tuigont, 16  ^  63  ^  0-2539683,  nearly.  ^M 

coBecant,. 65  -r  16  =  4-0625.  ^H 

cotangeut,.... 63  -=-  10  =  3-9375.  ^ 

The  coTreBpoiiding  ungle  is  14^  15';  being  a  little  lesn  than  one-3Jih 
part  of  a  rerolutiou. 

130.  The  TcMh  cr  SparoWkeeb  BBd  Bncki  have  actlii';  soifiic** 
of  the  class  called  cylindrical  mrfycet,  in  the  comprehensivu  sense  of 
that  term ;  and  their  6gures  are  designed  by  drawing  the  trun  of 
their  surfaces  on  a  plane  peqwudicular  to  the  axes  of  the  wbwla 
(or,  in  the  case  of  a  tack,  to  the  axis  of  the  whn'l  that  is  to  g^: 
with  the  rack) ;  which  plane  contains  the  pitch-lines  and  the  lio';  ' 
connection,  and  may  be  represented  by  the  pl^ne  of  the  paper  in  \ . 
82,  page  115.  The  {luth  of  contact,  also,  is  situated  in  the  sau> 
plane;  and  the  angle  of  obliquity  of  action  is  at  each  instant  ei^'; 
to  the  angle  I  OF,  which  the  common  perpendicular,  C  P,  ofthel  < 
of  connection  and  one  of  the  axes  makes  with  the  line  of  cenii  - 
Gj  Z  Cj.  Because  of  the  comparative  simplicity  of  the  rules  v  - 
diuwiug  the  figures  of  the  teeth  of  spur-wheels,  those  rules  are  iist- . 
with  the  aid  of  certain  devices  to  be  lU^rwards  described.  :• 
drawing  the  figures  of  the  teeth  of  bevel  wheels  and  akew-be- 
wheels  also. 

131.  t.»laM    TKth    r*r    ClrciUai'   WttrtU.   {A.    if.,   457.) — Tbo 

simplest  of  all  forms  for  the  teeth  of  circular  wheels  is  that  in 
which  the  path  of  contact  is  a  stniight  line  always  coinddiog  wilJi 
the  line  of  connection,  which  makes  a  constant  angle  with  tbe  Iim 
of  centres,  and  is  inclined  at  a  constant  angle  of  obliqui^  to  lk« 
€ommoa  Canf^nt  of  the  pitch-lineK. 
la  £g.  Si,  let  C),  C'j,  he  tlie  c«iAr«K  ol\.wo  ''iri^niiliwJa.  •»hwi 
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jntcli-circlee  are  marketl  B,,  B^.     Through  the  piteh-point  I  drair 
the  intended  line  of  amneetioit,  F,  Fa,  makuig,  with  the  line  of 
fentr^  the  angle  C  I  P  =  the  coniplement 
of  the  intended  obliquity. 

Frou.  C,  and  C^  draw  C,  F,  and  C,  P^ 
perpcndicnW  to  F,  F«  wiih  whicli  two  ]wr- 
pcnjiculars  as  radii  dencnbe  circles  (called 
iiit*«^rete»)  mnrked  D,,  Dj. 

SiipjKWe  the  bat«c-circli^s  to  be  a  pair  of 
(ircuUr  pulleys,  connected  by  means  of  a 
cord  wbusfl  comae  from  pulley  to  pulley  is  • 
Pi  1  P,  As  the  line  of  connection  of  thi<»o 
l.ulleys  is  the  Mnie  with  that  of  the  proi)osed 
''.-•ih.  liiey  will  rota.t«  with  the  required 
■  I'ioity>nitio.  Now,  suppose  a  tracing  [loinl, 
1     to  be  fixed  to  the  cord,  so  as  to  be  carried 

■  iig  the  path  of  contact,  F,  I  Fj.     That 

itit  will  trace,  on  a  plane  rotating  along 
'  ,th  the  whc«I  1,  i^rt  of  the  involute  of  the  base-circle  D,,  and 
11  a  plane  rotating  along  with  the  wheel  2,  jiart  of  the  involute 
'  :  the  bnxe-circle  Dj,  and  the  two  curves  so  traced  will  always  cub 
xUv  line  of  connection  nt  right  angles,  snd  touch  each  other  in  the 
mpiircd  point  of  coiiiact  T,  and  will  therefore  fiillil  the  condition 
mintred  by  Article  122,  page  111.  The  teeth  thus  traced  arc 
otUed  InvcliUe  Tt^u 

All  inrolnte  teeth  of  the  same  pitch  work  smoothly  togethei-. 

The  following  is  the  process  by  which  the  ligures  of  involute 
tMth  an  to  be  drawn  in  practice : — 

In  fifr  85,  Kl  C  repreaeiit  the  centre  of  the  wheel,  I  the  pitch- 
point,  C  I  the  geomi'tricnl  radius,  BIB  the  ))itch- circle,  and  let 
Uie  intended  angle  of  obliquity  of  action  be  given,  and  also  the 
ykuii,  (In  the  cxumple  represented  by  the  figure,  the  ohlltjuity  is 
Mppoanl  to  be  14^^°,  hb  stated  in  Article  139,  page  120;  and  the 
wiml  boa  30  t«eth.)     Then  proceed  by  the  tullowiug  rules : — 

I.  To  ihaw  die  haae-clreU  and  the  line  o/ conjtectiim.  About  C, 
wilh  the  radius  C  I'  ^  C  I  k  coeiue  of  obliquity  (that  ta  to  say,  in 

tlM  praent  example,  ^.  C  I),  draw  a  circle,  D  P  D;  this  is  the 

bati-eir^e.     Then  about  I,  with  a  radius  I  P   =    C  I    x    sine  of 

oUiquity  (l^t  is  to  say,  in  the  present  example,  --.  C  I),  draw  a 

Wtort  circiiLsr  arc,  cutting  the  base-circle  in  P.  Draw  the  straight 
BnePF]  B;  this  will  be  tho  line  of  connection;  and  It  wVW  UiulcV 
ttie  bu0-cirde  at  P. 

1L  ra  ^W  iie   a(?rmai  jnlc/t,   iJte  addendum,   and    tlie   T«4 
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ratUtu,  and  to  draw  the  nddenditm-circU  and  the  ^flaiJc-ftnU.    At 
the  pitcli-pouit,  I,  ilmw  the  utmiglit  line  I  A,  toncliitig  tlw  fiUk- 
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rircle,  RTid  Uy  off  upon  it  the  length  I  A  Mjnal  to  tfce  jrifei 

From  A  let  fall  A  E  peq)endJcuiHr  to  I  E     Then  I  E  wfll  \' 

wliat  may  be  called  the  normal  pitch,  being  the  db<tADC*,  »a  ■»« 

siired  along  the  line  of  connection,  from  the  front  of  un«  tooth  w 

the  front  of  the  next  tooth. 

The  normal  pitch  is  also  the  pilch  on  the  hasd-eireie;  tluit  'a,  tk 

distance,  as  measured  on  the  base-circle,  between  the  front  ofov 

tooth  and  the  front  of  tbo  next 

The  ratio  of  the  normsl  pitch  of  involute  teeth  to  the  ctmlir 

pitch  is  equal  to  the  ntio  of  the  radios  of  tlie  base>cii«le  U>  llwt  ii 

the  pitch -ui  rcl  e ;  that  is  to  but, 

IE       C  P         '  .        ,.,-./'       ^ 
IA=CT='^'"'-"'^^""^""*n  =  6 

in  the  present  example). 
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In  order  that  two  pairs  of  teeth  at  least  may  always  be  in  action, 
Uw  are  (^  amtact  lu  U>  i.'oiiaist  of  two  halves,  each  equal  to  the  pitch 
(*«!  ArtJcle  12S,  page  119).  Lay  off  on  the  line  of  connection, 
E  P.  the  distaiice  I  F  =  I  E.  Then  E  F  will  be  the  paiii  of  eon- 
latt  (Article  127,  page  1 19),  conaiating  of  two  halves,  each  equal  to 
llip  normal  pitch. 

Dnu-  the  straight  line  C  E;  this  wilt  bo  the  real  radiiu,  and 
iliF  circle  E  G  G',  drawn  with  that  rsdiiia,  will  be  the  addatdum- 
firrie,  which  all  tie  crests  of  the  teeth  are  to  touch.  Then,  with 
''^-'  radius  C  F,  draw  the  circle  F  H  (marked  with  dots  in  the 
:  .iirv) ;  this  may  be  called  the  flaeis-circlg,  for  it  marks  the  inner 
:  !•  of  the  flanks  of  all  the  teeth. 
The  luUmdum  is  C  E  -  CI. 

III.   To  draw  the  BCtor  circle;  that  is,  the  circle  which  the 

l^ikiEDHof  all  thehollowsbetwecn  the  teeth  (or  CLE ARtHO  CURVES,  as 

ilirjr  an  called)  are  to  touch-     First  find,  by  drawing  or  by  calcula- 

'iii.  iVk  ijreate»t  addendum  of  any  wheel  with  which  the  given  wheel 

'  <ir  liaTc  to  gear ;  that  is,  the  addendum  of  the  siuallest  practicable 

'  'i'laa  of  the  same  jiitch  and  obliquity;  tliut  Is,  the  addendum  of  a 

ij^ihtn  in  which  the  piteh  subtends  at  the  ceutrc  an  angle  appi'oxi- 

'Jtfly  equal  to  the  obliquity.     With  the  obliquity  already  stated, 

_    XKh  K  piaiau  has  25  teeth.     To  find  the  addendum  of  such  a 

I    pillion  vj  drawing :— Through  F,  parallel  to  P  C,  draw  F  L,  as 

I    otHmg  IC  in  L.     Join  LE;  then  LE  —  LI  will  be  the  required 

"nt^  addatdian.     To  find  the  greatest  addendum  by  calculation, 

'-'.  $  denote  the  obliquity,  and  p  the  pitch ;  then 


L  E  -  LI  =  peotan  f  \   ^{^im^f+-  1)-1    ■- 

With  the  angle  of  obliquity  already  stated,  this  gives 

L  E  -  L  I  =  0'313p,  very  nearly; 

and  tbu  is  the  origin  of  the  value  0-35  p,  which  is  very  commonly 
n^d  lor  tfae  addendum  of  teeth. 

Ttt  tbe  greateHt  addeuduiu,  thus  found,  add  a  suitable  allowance 
fiveloanoce  (Article  12u,  jtage  110),  and  lay  off  the  sum  I  K. 
inwartlii  frwm  the  [.itch-circle  along  the  radius.  Then  C  K  will 
be  tlra  nMlisB  of  the  required  root-circle. 

IT.  To  drtuo  lite  tracet  of  the  Uellt.  JIurk  the  pitch-points  of 
Uw  Ihmt*  of  tlie  teeth  (I,  I',  die.),  according  to  the  principles  of 
Ajtklfi  121,  page  1 13,  and  those  of  their  backs,  by  laying  off  a. 
iiiJtaMr  tfaicknen  on  the  piteh-circle  (see  Article  12o,  page  116). 
"     ~  mpfeC,"  or  thin  flat  disc  of  wood  or  metal,  h&vutgi^ 

lAj  duped  to  the  Sgare  of  the  bflHe-circle.     &ac\i  ■ 
■   '  0  pha  by  ODD,  fig.  86,  and  in  eWktioa 
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by  D'  D'.     A  piece  of  watch-spring,  marked  P  M  in  plan,  and  V  W 
in  elevation,  is  to  lia\'e  its  edges  filed  so  as  to  leave  a  pair  of  shaip 

[m 


Fig.  86. 

projecting  tracing-points,  marked  T,  ^,  in  elevation,  and  T  in  plan. 
One  end  of  that  spring,  P,  P',  is  to  have  a  round  hole  drilled  in  it^ 
and  to  be  fixed  to  the  middle  of  the  edge  of  the  templet  hy  means 
of  a  screw,  about  which  the  spring  is  to  be  free  to  turn;  and  the 
other  end,  M,  M',  is  to  be  fitted  with  a  knob  to  hold  it  by.  Place 
the  templet  on  the  drawing  (or  pattern,  as  the  case  may  be),  ao 
that  C  shall  coincide  with  the  centre  of  the  wheel,  and  D  D  with 
the  base-circle ;  and  also  so  that  the  lower  of  the  two  tracing-points^ 
when  the  spring  is  moved  to  and  fro,  shall  pass  through  the  pitdi- 
point  of  a  tooth ;  then  that  tracing-point  will  draw  the  trace  of  the 
front  of  the  tooth ;  and  by  turning  the  templet  about  C,  and  repeat- 
ing the  process,  the  ti*aces  of  the  fronts  of  any  I'equired  number  of 
teeth  may  be  drawn. 

To  di-aw  the  ti-aces  of  the  backs  of  the  teeth,  the  position  of  the 
spring  relatively  to  the  templet  is  to  be  reversed,  by  turning  it 
about  the  screw  at  P,  so  as  to  use  the  traciug-point  that  wms 
previously  uppermost 

The  distance,  P  T,  from  the  screw  to  the  tracing-points  should 
not  be  less  than  twice  tlie  nomud  pitdi, 

V.  The  Clearing  Curves  are  the  traces  of  the  hollows  which  lie 
inside  the  flank-circle,  F  H,  fig.  d>5.  Their  side  parts  ought  to  be 
tangents  to  the  inner  ends  of  the  flanks  of  the  teeth  (at  F  and  H, 
for  example),  and  their  bottom  parts  ought  to  coincide  with  the 
root-circle  tli rough  K.  Those  different  parts  may  be  joined 
to  each  other  by  means  of  small  circular  arcs.  In  connection 
with  the  figures  of  the  side  jtarts  of  those  clearing  curves,  it  may 
he  observed,  that  F  L  is  a  tangent  to  the  inner  end  of  the  flank 
T F,  and  therefore  to  the  clearing  curve  at  that  point;  and  that 
tangents  to  the  inner  ends  of  otl^er  liaxnV^  m^^  \)a  \t^^«^  \»^  v^ 
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pcftti&g  the  jiroc«s9  by  wbicU  F  L  is  drawn,  or  by  the  foUowiDg 
iMnoms: — About  C,  witb  the  radius  C  N  =  P  F,  dmw  a  circle; 
r  L  X  will  be  a  straight  tangent  to  that  circle;  and  so  also  viU 
mil  the  tacgeolB  to  the  flanks  at  their  inner  ends.  Therefore,  from 
the  inner  cnda  of  all  the  flanks,  both  front  and  back,  draw  straight 
Irces  toueliing  the  circle  C  N,  anil  ho  placed  that  tho  straight  lines 
'  -'  iTQ  ttiD  front  and  back  flanks  of  the  same  tooth  shall  not  croaa 
:i'ii  otlier;  these  lines  will  show  the  proper  positions  for  the  side 
]  »[t*  of  the  clearing  curvea.  When  the  flank-circle  coincides  with 
IDC  base-circle  (as  iu  the  smallest  pinion  of  a  given  pitch),  the  side 
|nrta  of  the  clearing  curves  coincide  witli  the  rutUi  drawu  from 
ihe  centre  C  to  the  inner  ends  of  the  flanks. 

132.  iMralaic  Trah  lar  Rack*.— The  following  is  lite  process  of 
designing  the  teeth  of  b  straight  rack  which  is  to  gear  with  an 
tomlutc  toothed  wheel  of  a  given  pitch  and  a  given  obliquity : — In. 
fi».  ST,  Kl  A  E  he  the  pitch-line  of  the  rack,  and  let  A  I  =  1  P  be 
the  pitch.    Lay  ofiF  A  I  E       «  _  ^ i^ 

^  tlw  given  angle  of  ob-        f'^^^^^\~~~^   J       V  T      \ 

iiqnity,  and  from  A  let     ■'H V"^ W "\— B 

1*11  A  E  perpendicular  to      /. A  __-M'L.,,..'.V;-..i,  \ 

I  E;  then  I  E  will  be—' -^ '-^ -» '- ^ — 

the  normal  fnldt;  further,  Pig  gj^ 

if  the  |iath  of  contact  is 

lo  oonaiat  of  two  halves,  each  equal  to  half  the  normal  pitch, 
I  E  will  be  one  of  those  halves;  then  in  E  I  produced  make 
I  F  =  I  E,  and  I  F  will  be  tlie  other  half  of  the  jwth  of  cou- 
t«ct  Thmugh  E,  parallel  to  A  B,  draw  E  G  G' ;  this  wiU  be 
tlM  addtmtxin  lint;  through  F,  paiullel  to  B  A,  di-aw  F  H; 
diia  will  be  the  Jfanh-line,  marking  the  innor  ends  of  the  acting 
MufiucB  of  the  teeth.  Perpendicuhir  to  A  B  draw  I  K,  equal  to 
the  grcftteat  addendum  in  the  set  of  wheels  uf  the  givcu  pitcli  and 
cA>liqiuty  with  an  allowance  for  clearance  adde<I,  us  in  Rule  III. 
of  Article  131,  page  123;  tlirough  K,  parallel  to  A  B,  draw  a 
(tnight  line;  this  will  be  the  rool-line,  witli  which  the  bottoma  of 
•11  the  bollowa  between  the  teeth  are  to  coincide. 

Tko  tracea  of  the  fronts  of  the  teeth  are  straight  lines  pei-pen- 
dicular  to  K  F,  and  the  frouU  themaelvcs  are  plani's  pt'rjK'iidicnlar 
to  E  F.  The  backs  of  the  tooth  are  planes  inclined  at  the  same 
angle  to  A  B  in  the  contrary  direction. 

133.  PhmIIu  Pnrcrtla  af  lanlaic  Tmh.— Involute  teeth  have 
KKDE  peculiar  properties  not  possessed  by  teeth  of  other  ligurea 

I.  Sets  of  involute  teetli  have  a  definite  ami  constatU  normal 
pileA;  being,  as  already  explained,  tlie  distance  between  the  fronts 
at  aaccewive  te«th,  measured  on  the  path  of  contact,  or  on  t\i« 
circonifennce  of  the  bfue-circle;  and  all  wkeeU  and  raefcs  luitJfc 
i^atg  teeti  ^ Me  miiae  nm-oiai piieh  gear  ct)TTectl^{  UiU/*  COch  olhW- 
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IL  The  length  of  the  line  of  centres,  or  perpendicular  distanee 
between  the  axes,  of  a  pair  of  wheels  with  involute  teeth  of  the 
same  normal  pitch,  or  the  perpendicular  distance  from  the  axis  of 
a  wheel  with  involute  teeth  to  the  addendum-line  of  a  rack  with 
which  it  gears,  may  be  altered;  and  so  long  as  the  wheels,  or  wheel 
and  rack,  are  sufficiently  near  together  to  make  the  path  of  contact 
longer  than  the  normal  pitch,  and  sufficiently  far  asunder  for  the 
crests  of  each  set  of  teeth  to  clear  the  hollows  between  the  teeth 
of  the  other  set,  the  wheels,  or  the  wheel  and  rack,  will  continiie 
to  work  correctly  together,  and  to  preserve  their  velocity-ratio; 
although,  in  the  case  of  a  pair  of  wheels,  the  pitch-lines,  the  pitch 
as  measured  on  the  pitch-lines,  and  the  obliquity,  will  all  be  altered 
when  the  length  of  the  line  of  centres  13  altered.  In  other  words, 
the  velocity-ratio  of  a  pair  of  wheels  with  involute  teeth  of  the 
same  normal  pitch  is  the  reciprocal  of  the  ratio  of  the  radii  of  their 


tmse-circlea,  and  depends  on  tbiA  Ta\io  «\oTi^*,  and  the  vdoeit^«-nilii> 
ofB  wheel  and  rack  with  invoVute  teeAi  oi  ^^wsAiuitnalTitob 
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fctatia  solely  on  the  radius  of  the  base-circle  of  the  wheel  and 
the  angle  of  obliquity  of  the  line  of  coDQectlon. 

Another  way  of  stating  tliia  property  of  involute  teeth  is,  that 
the  pHch-lines  of  wheels  and  nicka  with  mich  teeth  lire  arbitrary  to 
an  extMvt  limited  only  by  the  necesaitj  of  having  a  path  of  contact 
«l «  certain  lengtL 

Ob«  pnictiad  result  of  this  is  (aa  Mr.  Willis  first  pointed  out), 
Ost  the  hade-lath  of  involute  teeth  is  variable  at  will,  being  capable 
<f  heiog  increased  or  diminished  by  moving  the  wheels,  or  the  wheel 
and  rack,  farther  from  or  ucnrer  to  each  other,  and  may  thus  be 
■tlj—tcJ  so  OB  to  be  no  great^^r  thim  is  absolutely  necessary  in  order 
(0  pnnafit  jamming  of  the  teeth — a  proi*rty  not  posaeswd  by  teeth 
of  maf  atlwT  fignn?, 

m.  Givm  (in  6g.  88),  tius  cerdrts,  C,  C,  the  base-wrdes,  D  D, 
jy  D*,  and  the  addendtunrdrcles,  A  A,  A'  A',  of  a  pair  of  rpuir- 
MJMiia  incA  involute  teeih  of  a  given  normiU  pitcli,  to  ^nd  the  line  of 
eommitetian,  the  pitch-point,  l/it  pite/i-circlee,  tlie  pitch  on  t/te  pilek- 
airrfw,  and  thepaih  ofcuiUacL 

Dnw  a  common  Uuigent,  P  P,  ta  the  two  baae-drcles  in  such  a 
pOiition  aa  to  mn  from  the  driver  to  the  follower  in  the  direction 
«f  notion.  That  common  tangent  will  be  the  line  of  connection : 
tlie  point  I,  where  it  cnts  the  line  of  centres,  will  be  the  pitch-point: 
two  dreles,  B  B  and  B'  B',  described  about  C  and  C'  reapectivoly, 
and  toDCbing  each  other  in  I,  will  be  the  pitch-circles:  the  pitch 
OB  the  jiotch-circles  will  be  greater  than  the  norioal  pitch  in  the 

ntio^^-ps  -=^pi;andlhepiirtEE'of  the  line  of  connection  which 

lies  hetwitea  the  two  addendam-circles  will  be  the  path  of  contact. 

IV.  Gveett  (in  fig.  89),  (Ae  c*)iir«.  C,  the  hnst-mrde,  D  D,  amd  the 

■rfrinirftnn  n'mr  A  A,  of  a  apur-vJted  with  involute  teeth  qf  a  ffiven 


It 

s,''-N«L 

^/. 

V" 

V.-.;«s; 

fes^--^ 

taMi  viA  :  «2k>  ihgpiieUim,  R  B',  and  the  addendumAvM,  V  X' , 
'pr^t»i*'oif'^^^<"^ '"t-o^vieleeiA  e/* Me  «a«ifl  normal  jAtch;  t« 
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firid  the  pUch-poirU,  the  pUcJi-ctrde  of  tJte  toJteely  the  line  qfconnecUon, 
tJie  pitcJi,  as  measured  on  tlie  pUch-lines,  Uie  path  of  contaetj  and  the 
position  of  Hie  fronts  of  the  teetii  of  Hie  rack. 

From  C  let  fall  C  I  perpendicular  to  B'  B';  then  I  will  be  the 
pitch-point ;  and  a  circle,  B  B,  of  the  radius  C  I,  will  be  the  pitch- 
circle  of  the  wheel.  From  I  draw  I  P,  touching  the  hase-drde 
D  D ;  I  P  will  be  the  line  of  connection.  The  pitch,  as  measured 
on  the  pitch-lineef,  will  be  greater  than  the  normal  pitch,  in  tha 

C  I 
ratio  =f-=  of  the  radius  of  the  pitch-circle  to  that  of  the  base-circle. 

The  path  of  contact  will  be  the  part  £  £'  of  the  line  of  oonnectioD, 
which  is  contained  between  the  addendum-line  of  the  rack.  A'  A', 
and  the  addendum-circle  of  the  wheel,  A  A  The  fronts  of  the 
teeth  of  the  rack  are  to  be  planes  perpendicular  to  I  P,  or,  in  other 
words,  parallel  to  P  C. 

V.  By  the  application  of  the  preceding  principles,  two  or  more 
wheels  of  difierent  numbers  of  teeth,  tni-ning  about  one  axis,  can 
be  made  to  gear  correctly  with  one  wheel  or  with  one  rack ;  or  two 
or  more  |mrallel  racks,  with  different  obliquities  of  action,  may  be 
made  to  gear  correctly  with  one  wheel,  the  normal  pitches  in  each 
case  being  the  same ;  and  thus  differential  movements  of  vairions  sorts 
may  be  obtained.     This  is  not  possible  with  teeth  of  any  other  fonn. 

The  obliquity  of  the  action  of  involute  teeth  is  by  many  ooo* 
sidered  an  objection  to  their  use;  and  that  is  the  reason  why, 
notwithstanding  their  simplicity  and  their  other  advantages,  they 
are  not  so  often  used  as  other  forms.  In  antici|)ation  of  the  subject 
of  the  dynamics  of  machinery  it  may  be  stated,  that  the  principal 
effect  of  the  obliquity  of  the  action  of  involute  teeth  is  to  increase 
the  pressure  exerted  between  the  acting  surfaces  of  the  teeth,  and 
also  the  pressure  exerted  between  the  axles  of  the  wheels  and  their 
bearings,  nearly  in  the  ratio  in  which  the  radius  of  the  pitch-circle 
of  each  wheel  is  greater  than  the  radius  of  the  base-circle,  and  that 
a  corresponding  increase  of  friction  is  produced  by  that  increase  of 
pressure.     In  the  example  of  Article  131,  that  ratio  is  65  :  63. 

134.   Teeth  for  m  Girem  Path  of  Coaiacf.^In  the  three  pre- 
ceding Articles  the  forms  of  the  teeth  are  found  by  assuming  a 
figure  for  the  path  of  contact — viz.,  the  sti-aight  line.     Any  other 
convenient  figure  may  be  assumed  for  the  path  of  contact,  and  the 
corresponding  forms  of  the  teeth  found,   by  determining  what 
curves  a  point  moving  along  the  assumed  path  of  contact  will  trace 
on  two  discs,  rotating  round  the  centres  of  the  wheels  with  angular 
velocities,  which  bear  that  relation  to  the  component  velocity  (^  the 
tracing-point  along  the  line  of  connection  which  is  given  by  the 
priocipleB  of  Article  127,  page  118.     This  method  of  finding  the 
forma  of  the  teeth  of  wheels  is  t\ie  «\x\>^«ci  of  an  interesting 
hj-  Mr,  JS<iward  Sang. 
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All  wheela  having  t^eth  of  the  same  pitch,  traced  from  the  eame 
;.itli  of  contact,  work  correctly  together,  and  are  said  to  belong  to 

i:i5.    TrMk  Traced  kr  B*lHns  Cnrrn.     (A.  M.,  452.) — FrOID  the 

■ijticijileaof  Articles  123  and  123,  pngeslU,  115,  it  appears  that  at 
r.  (.ry  iostant  the  position  of  the  poiot  of  contact,  T,  of  the  acting 
mr/icM  of  a  pair  of  teeth  (fig.  82,  page  1 15),  and  the  corresponding 
fOiittin  of  IJie  pitch-point  I  in  the  pitch-lines  of  the  wheels  to 
vhioh  those  teeth  belong,  are  ho  related,  that  the  line,  I  T,  which 
joitti  tbotn,  is  normal  to  the  surface  of  each  of  the  teeth  at  the  point 
I.  Noiv  this  is  the  relation  which  exists  between  the  tracing' 
faiaf.  X,  and  the  inntatltaneoux  axia  or  line  ofeantacC  I,  in  a  rolling 
earce  of  such  a  figure,  that,  being  rolled  upon  the  pitch-line,  its 
tracing- [M>int  T  traces  the  outline  of  a  tooth.  (As  to  rolling 
tnrvLii  and  rolled  cun-es,  see  Articles  72,  74,  75,  77,  78,  79,  pages 
il  toG-2.) 

In  order  that  a  pair  of  teeth  may  work  correctly  together,  it  is 
iiii««Miij'  and  sii^cient  that  the  iiutaTiianeout  normals  from  the 
piidi-point  to  the  actine  aurfaces  of  the  two  teeth  should  coincide 
■t  dob  iiisUnt;  and  this  condition  is  fulfilled  if  ike  cmllines  of  the 
tm  Ittth  be  traced  by  Ike  motion  of  Uie  name  tracing-point,  in  riUing 

lie  tame  nMing  eurte  on  t/ie  lame  tide  of  t/iie  pitch-Unet  of  the  reapee- 

JwridWk 

Tht  jfanii  of  a  tooth  ie  traced  while  tlie  rolliog  curve  rolls  inaide 

«f  th«  inUh-Iioe;  iiie/ace,  while  tl  rolls  outside. 

To  iliuiitnite  tliiit  more  fully,  the  following  explanation  is  quoted 

fnot  the  Artide  "Meelianiea  {ApptieU},"  in  the  Encyclopedia  Brit- 
MM*tf(Mo6g.OO);— -Ifany 

cnrre,  R,  be  rolled  on  the  in- 

mi»  of  (be  tiitch-line,  B  B,  of 

ft  i>fa«el,   ue  instantancouH 

axia  of  the  rolling  curve  at 

»aj  iiMtaal  will   be  a.t  the 

[•uinl  I.  wh«re  it  touches  the 

|jitch-1in«  for  the   moment; 

«ad    cobMMiacntly   the    liue 

A  T,  tnccd  by  a  tracing- 

iviot  T,  filed  to  the  rolling 

curve,  will  be  eveiywhei-eperpendicular  to  the  straight  line  T  I ;  so 

t^at  tlxt  tnced  curve  A  T  will  be  suitublc  for  the  fiank  of  a  tooth, 

IB  which  T  ia  the  point  of  contact  corresponding  to  the  position  I 

fcf  ll»  pitch-point     If  the  oanie  rolling  curve  R,  with  the  same 

uwing-point  T,  be  rolled  on  the  outside  of  any  other  pitch-line,  it 

*)I1  tnc«  lite  face  of  a  tooth  suitable  to  work  with  tbe  Jlattk 

AT. 

"In  Ufc*  mimaer,  if  either  tha  same  or  any  othec  rolVii^g 


Fig.  30. 
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"R'  be  rolled  the  opposite  way,  on  the  outside  of  the  piteh*Hiie  GB  B, 
80  that  the  tracing-point  T  shall  start  from  A,  it  will  trace  tiic 
/cux  A  T'  of  a  tooth  suitable  to  work  with  2^  flank  traoed  bj  rolling 
the  same  curve  R'  with  the  same  tracing-point  T"  irmde  unj  cither 
pitch-line. 

**  The  figure  of  the  ptUh  of  contad  is  that  traced  on  a  fixed  plane 
by  the  tracing-point,  when  the  rolling  curve  is  rotated  in  tmAt  a 
manner  as  always  to  touch  a  fixed  straight  line  £  I  £  (or  E"  T  V, 
as  the  case  may  be)  at  a  fixed  point  I  (or  T). 

''If  the  same  rolling  curve  and  tracing-point  be  used  to  tnue 
both  the  &ces  and  the  flanks  of  the  teeth  of  a  number  of  wheels  of 
different  sizes,  but  of  the  same  pitch,  all  tiiose  wheels  will  w«ik 
correctly  together,  and  will  form  a  aet.  The  teeth  of  a  raek  of  the 
nme  set  are  traced  by  rolling  the  rolling  curve  on  botii  sidM  of  a 
atraight  line. 

''The  teeth  of  wheels  of  any  figure,  as  well  as  of  circular  wheeli^ 
may  be  traced  by  rolling  curves  on  their  pitch-lines;  and  all  teeth 
of  the  same  pitch,  traced  by  the  same  rolling  curve  with  the  aune 
tracing-point,  will  work  together  correctly  if  the  pitch-sur&ces  mn 
in  rolling  contact" 

Involute  teeth  themselves  might  be  traced  by  rolling  a  logaritli- 
mic  spiral  on  the  pitch-circle ;  but  it  is  unnecessary  to  explain  tin 
in  detail,  as  the  ordinary  method  of  tracing  them  is  modi  man 
simple. 

13G.  Epicrcioidai  Tedh  •■  OwiciaL— For  tracing  the  figures  of 
teeth,  the  most  convenient  rolling  curve  is  the  circl&  The  patii  of 
contact  which  a  |)oint  in  its  circumference  tnu;es  is  identical  witii 
the  circle  itself;  the  flanks  of  the  teeth  for  circular  wheek  arc 
nal  epicycloids,  and  their  faces  external  epicycloids,  and  both 
and  faces  are  cycloids  for  a  straight  rack.  (See  Article  74,  pa|^ 
53,  and  Article  77,  page  56.) 

Wheels  of  the  same  pitch,  with  opicycloidal  teeth  tiaoed  by  ihb 
same  rolling  circle,  all  work  correctly  with  each  other,  wbaiioew 
may  be  the  numbers  of  their  teeth ;  and  they  are  said  to  belong  ta 
the  same  set. 

For  a  pitch-circle  of  twice  the  radius  of  the  rolling  or  ffoMi  iftiiy 
circle  (as  it  is  called),  the  internal  epicycloid  is  a  straight  liai^ 
being  a  diameter  of  the  pitch-circle ;  so  that  the  flanks  of  the  teslk 
for  such  a  pitch-circle  are  planes  radiating  firom  the  axis.  For  a 
smaller  pitch-circle,  the  flanks  would  be  convex,  and 
undercut,  which  would  be  inconvenient;  therefore  the 
wheel  of  a  set  should  have  its  pitch-circle  of  twice  the  radios  of  Um 
describing  cirde,  so  that  the  flanks  may  be  either  Blim%M  w 
ttMHsava 
In  Bg.  91,  let  B  B  be  the  p\ic\i-ckd«  of  a  wheel,  C  C  the  hm^ 
meatiVM,  I  the  pitch-point,  K  tVxe  intonni  ^<»&r^\ii%^sa^Mil  B! 
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Uie  external  ilcscribiiig  circle,  so  placed  as  to  toucb  the  pitch-circle 

and  each  atherat  I;  let  E  E  be  a  straight  taiigeut  to  tlie  pitch- 

drek  lit  Ute  pitch-point;  and  let  T  I  T  be  the  puth  of  coatuct, 

eonBiitiDgof  die  path  of  approach.  T  I, 

and  the  path  of  i-ecess,  I  T.     Eneh 

or  tboac  arcs  should  be  equal  to  the 

j-itirli    when    practicable,    in    order 

that  there  may  be  always  at  least  two 

Jiairfl  of  teuth  in  action ;  but  this  ia 

not  always  posnUe;  and  the  length  U—.i 

rf  <*di  of  them  in  many  cases  ia  only  ^      f  ^ 

from  0-7  to  0-9  of  the  pitch,  being    '^-^  /.  j_y1.. 

Rgulated  by  the  customary  practice 

«!'  making  the  addendum  from  0'3  to 

0-55  of  the  pitch. 

The  rtal  ratliua  of  the  wheel  ia 
tbs  dtstance  from  its  centre  to  the 
point  T,  at  the  ontcr  end  of  the  fuce 
of  a  to»th ;  the  dotted  circle  travers- 
ing T  ia  the  addiiuium-drcU,  and  the  perpt^ndiciilar  distance 
frwB  T  to  the  pitch-circle  B  B  is  the  acUiendum. 

The  Jtank^reU  \a  a  circle  described  about  the  centre  of  the 
wh«d,  Mid  traveniing  the  point  T;  and  the  clearing  eurvm  (ax  in 
the  caw  of  involnte  teeth,  Article  131,  Rulo  V.,  page  124)  must 
bare  a  d«pth  sufficient  to  clear  the  greatest  addendum  given  to  the 
ti»th  of  any  one  of  the  aet  of  wheels  that  are  capable  of  gearing 
»iih  the  wheel  under  consideration. 

In  {MBsing  the  line  of  centres,  the  Hue  of  conocction  coincides  with 
the  tADgent  K  E,  and  the  obUquitt/  is  nothing.  The  greatest  angle  of 
obbqDJty  of  action  is,  during  the  appronoh,  E  I  T,  and  during  tha 
nena  £  I  T ;  and  the  meau  angles  of  obliquity  during  the  approach 
aodractwarethohaJvesof  those  greatest  angles  respectively.  Eroni 
Ik*  rcmlta  of  practical  exjicrience,  Mr.  Willis  deduces  the  rale  that 
th>  ancMi  ablii]uity  should  not  exceed  15^  or  one-twenty -fourth  of 
•  rerolation;  therefore  the  inaximnm  obliquity  should  not  exceed 
Jl^,  or  eoe-twel/th  of  a  revolution ;  therefore  the  arcs  I  T  and  I  T" 
Aoold  Dcither  of  iheni  in  any  case  exceed  one-sixth  of  the  circum- 
famee  of  the  describing  circles  to  which  they  respectively  belong; 
A^B  which  it  follows,  that  if  either  of  tbose  arcs  is  to  be  equal  to 
As  ptlcb,  the  circumference  of  the  describing  circle  ought  not  to  be 
Itm  Aan  Jnc  timea  Uie  jntcJi;  therefore  the  smiilk-st  pinion  of  a  aet 
Aoabl  have  (uWce  UxtA. 

1S7.  TnetaK  KtHdfcloMal  Ttnh  *j  TMnrl*«^— The  face  of  an 
qncjrcloidaJ  tooth  may  be  traced  by  rolling  a  templet  oC  the  fonn. 
oftbs  deaorilww' cire/e  anoo  a  eonrex  templet  of  the  form  at  &« 
fmuh^dfOt;  mad  the  IbuJc,  bjr  rolling  a.  templet  of  the  lorm  ot  tt* 
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describing  circle  upon  a  concave  templet  of  the  form  of  the 
pitch-circle. 

When  the  fixed  templet  is  either  convex  (as  when  the  hoe  of 
the  tooth  of  a  wheel  is  to  be  traced)  or  straight  (as  when  either  the 
fiice  or  the  flank  of  the  tooth  of  a  itick  is  to  be  traced),  the  rolling 
templet  m&y  be  prevented  from  slipping  on  the  fixed  templet  bj 
connecting  them  together  by  means  of  a  slender  piece  of  watch- 
springs  as  follows : — In  ^g,  92,  C  B  B  represents  the  fixed  templet 


Fig.  92. 

of  the  form  of  the  pitch-circle,  and  H  the  rolliog  templet  of  the 
form  of  the  describing  circle.  Q  I  P  is  a  slender  piece  of  watch- 
spring,  fastened  by  a  screw  at  P  to  the  edge  of  the  fixed  teiiiplet» 
and  by  a  screw  at  Q  to  the  edge  of  the  rolling  templet  The  miog 
may  have  a  sharp  tracing-point  formed  at  T  on  one  of  its  edge%  af 
already  described  in  Article  131,  Rule  IV.,  and  shown  iii%.  M, 
page  124.  A  T,  in  fig.  92,  represents  part  of  the  epicjrdoid  tnoed 
fy  the  point  T,  and  I  the  point  of  contact  of  the  pitch-cinda  and 
deacribiDg  circle.     The  ladinE  o£  e8^\i  oi  \»ti&  X^m^V^^A  ou^^t  to  be 
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mitde  less  Umn  the  nidiuB  of  the  circle  which  it  represents,  by 
hal/tKa  t/iichia/i  of  the  spring  P  Q. 

When  the  fixed  templet  is  concare  (for  tracing  the  flanka  of 
U«th)  this  method  of  preventwg  the  rolling  templet  from  slipping 
is  not  avail&hlc. 

13&  Mraicki-FiaBiied  BpicTciaidni  TmUi.— In  the  Oldest  form  of 

ii<-ycloidnl  t«et)i,  ttie  trucks  of  the  thanks  are  straight  lineB  radiat- 
i:.'  from  the  centre  of  the  wheel,  being  the  lines  whidi  would  be 
t  ^.l(^cd  by  a  describing  circle,  of  half  the  radius  of  the  pitch-circle, 
nilling  iuRide  the  pitch -circle.  Hence,  in  order  that  a  pair  of 
vheclH  with  teeth  described  according  to  this  principle  nay  gear 
CArr«<4]y  together,  the  faces  of  the  teeth  of  each  wheel  must  bo 
tracr<i  by  rolling  upon  the  outside  of  its  pitch-circle  a  describing 
cireie  of  hfU/the  radius  qftliA  other  pitch'circle. 

For  example,  in  fig.  93,  let  C  and  C  be  the  centres  of  a  pair  of 


I 
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i,  knd  B  B  and  S  E  their  pitch -circles,  touching  each 
fitlicr  In  the  pitch-point  I.  I^y  oS*  the  pitch-points  of  the  fronts 
and  bulls  of  the  teeth  on  each  of  the  pitch- circles,  and  dniw 
itraigbt  Udm  from  the  centres  of  tlie  wheels  to  the  points  of  division 
"f  ibeir  rapective  pitch -circles;  these  lines  will  be  the  traces  of  the 
'-Ilka  at  th«  teeth.  Bisect  C  I  in  R,  and  C  I  in  K,  and  ei'bQat 
:  AOil  K  ntpeciiyelj- describe  ciivlea  traversing  I;  tViese  w\\V\» 
,:  two  defen&wg  drcJea  for  the  I'acea  ot  the  teeth.     Lay  off,  ' 
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ihoee  two  ciioles,  saffioiant  lengtba,  I  S  and  I  IT,  for  the  two 
divisions  of  the  path  of  contact ;  that  is  to  mj^  enok  of  these  lengths 
most  be  greater  than  half  the  pitoh,  and  ahonld  be  made  as  neaiiy 
eqnal  to  the  pitch  as  practicable.  Then  a  dreley  A  A,  described 
about  C  through  R,  will  be  the  addendum-circle  of  the  first 
wheel,  and  a  circle.  A'  A',  described  about  C,  through  £,  will 
be  the  addendum-circle  of  the  second  wheeL  The  two  root- 
cirdeSy  K  K  and  K'  K',  are  to  be  drawn  so  as  to  leave  a 
sufBcient  clearance  between  each  of  them  and  the  opposite 
addendum-circle. 

To  trace  the  front  and  back  feces  of  the  teeth  of  the  first  wheel, 
roll  the  describing  circle  B.'  on  the  pitch-oircle  B  B;  to  trace  the 
front  and  back  £Euses  of  the  teeth  of  the  second  wheel,  roll  the 
describing  circle  B  on  the  pitch-circle  B'  B'.  This  may  be  done 
with  the  aid  of  templets  connected  together  by  means  of  a  qtvii^ 
as  described  in  Article  137,  page  131. 

The  traces  of  the  flanks  of  the  teeth  of  a  rack,  according  to  this 
system,  are  straight  lines  perpendicular  to  the  pitch-line,  and  those 
of  the  hces  are  cycloids.  The  traces  of  the  faces  of  a  wheel  that  is 
to  gear  with  a  rack  are  involutes  of  the  pitch-circle. 

Epicycloidal  teeth  described  by  this  method  are  very  smooth  and 
accurate  in  their  action ;  but  they  labour  under  the  disadvantage 
that  the  faces  of  the  teeth  of  any  given  wheel  are  not  snited  to 
work  accurately  with  the  flanks  of  the  teeth  of  any  whed  whoee 
i-adius  diflers  from  double  the  radius  of  the  describing  circle  with 
which  they  were  traced. 

139.  Epicrcloiital  TecUi  Traced  hj  «■  Valform  l»McriM« 
Circle— The  property  of  working  accurately  with  all  teeth  of  the 
same  pitch,  whatsoever  the  radius  of  the  pitch-circle,  is  given  to 
epicycloidal  teeth  by  tracing  both  the  faces  and  the  flanks  of  all 
teeth  of  the  same  pitch,  by  rolling  the  same  describing  circle  upon 
the  outside  and  the  inside  of  the  pitch-circle — a  Hystem  first  intro> 
duced  by  Mr.  Willia  This  method  is  illustrated  by  fig.  91,  page 
131,  already  described  in  Article  136.  In  order  that  the  mean 
obliquity  of  action  may  not  in  any  case  exceed  15^,  nor  the 
maximum  obliquity  30'',  the  circumference  of  the  describing  ciide 
employed  is  six  tirnea  the  pUch;  so  that  its  radius  is  six  times  tks 
radicU  pitch  (see  Article  119,  page  111).  According  to  this  system, 
the  traces  of  both  the  flanks  and  the  fiices  of  the  teeth  of  a  rssk 
are  cydoida 

140.  Apw^9%immMm    Vrawteg    of    BplcTcleMal     TMlft.^YanOOS 

approximate  methods  of  drawing  epicycloids  have  already  bssB 
diBscnbed  in  Article  79,  pages  59  to  62.     The  following  aie  Ihs 

additionBl  explanations  required  in  order  to  show  the  applieatioB 

of  those  methods  to  epicycloidaV  t^elYix — 
L  Jy  two  2>air9  of  CvrculoT  Arcs.    Ixi  ^^.  ^V,VX.\  K.\it^ 


::ycloidal  teetu. 


"f  the  pit«h-cirele  ot'u 


wheel.     Draw  tLo  describing  circle  toncliing 
oimvemeut  point,  I,  twd  outside  or  inside. 


jrratrling  as  the  face  or  tlie  flnnk  of  a  tootli  is  to  be  traced. 
tLHten  without  an  accent  rel'or  to  the  face;  letters  with  an  accent, 
IB  Uie  flank.) 

Disw  tile  straight  tangent  I  F,  eqnal  in  length  to  one  of  the  two 
divMioiM  of  the  arc  of  contact,  and  in  it  take  1  O  —  ^  I  F.  Then, 
viih  tiM  radius  D  F  =  j  I  F,  draw  the  circular  arc  A  B;  A  and 
II  will  be  the  two  ends  of  the  requii*ed  epicycloidat  arc  Join  B I ; 
Bod  from  A  draw  the  straight  tangent  A  C,  cutting  1>  I  in  (X 
TUon  A  C  and  B  C  will  be  the  normals  at  the  two  end»  of  the 
••|ui7]r(ioidal  arc.  Thifu  proceed,  according  to  Kule  IV.  of  Article 
'9,  pago*  CI  anil  C3,  fig,  48,  to  draw  two  circular  arcs  approxi- 
laatiag  ta  tlic  required  curve;  and  perform  the  same  opmaliou 
both  ur  the  &ce  and  for  the  flank  of  the  tooth. 

)  tliis  method,  the  traces  of  the  fiice  and  flank  nf  a. 
It  #«uh  of  a  poir  of  circular  arcs,  and  the  two  arcs  which 
join  «ach  other  at  the  pilch-point,  A,  of  a  tooth  have  a  common 
*|pun>t  there;  becaose  their  centres  are   iu   the  straight  lino 
|AC. 

By  one  pair  o/ Circular  Arcs— Mr.  WUlia's  Metliod.  Up. 
'■  finl  sliowed  bow  to  approximate  to  the  figurea  of  epicy- 
1  teetb  by  moans  of  two  circular  arcs — one  concave,  for  the 
■  e  other  convex,  for  the  face;  and  each  having  for  its  radins 
B  ndios  of  curvature  of  the  epteycloidal  arc.  Mr.  Willis's 
^_.  My  b«  deduced  from  the  formula  for  tinding  the  centre  of 
COmUttn  of  an  epicycloid,  which  is  given  in  Article  TS,  equation  2, 
{MB  29;  that  fonuula  being  applied  to  the  point  iu  the  cpicy- 
dotd  whoae  normal  meets  the  pitch-circle  at  a  distance  from  tb« 
'"  ■  '  ■■.  of  the  tooth  to  be  traced  equal  to  one-half  of  U\o 
'  *  obliguit/  of  that  aonual  ta  the  pitcK-ckcW  \)UIl% 
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Fig.  95. 


In  £g.  95,  let  B  C  be  part  of  the  pitch-circle,  and  A  the 

pitdi-point  of  a  tooth  whose 
front  is  to  be  traced.  Lay 
off,  in  opposite  directions 
from  the  point  A,  the  arcs 
A  £  and  A  C,  each  equal  to 
one-half  of  the  pitch .  Draw 
the  radii  of  the  pitch-circle, 
£  D  and  C  E,  and  through 
the  points  £  and  C  diaw 
the  straight  lines  £  F  and  C  G,  making  angles  of  75**  with  the 
radii  respectively ;  these  lines  are  normals  to  the  face  and  to  the 
flank  of  the  tooth  respectively.  Let  n  denote  the  number  of  teeth 
in  the  wheel.  Lay  off  along  the  two  normals  the  distances  B  F 
and  C  G,  as  calculated  by  the  following  formulae : — 

pitch.  _7i_  pitch.  _n_, 

2       n+  12'^^'     2       n-  12' 

then  F  will  be  the  centre  of  curvature  for  the  face,  and  G  the 
centre  of  cur\'ature  for  the  flank. 

About  F,  with  the  radius  F  A,  draw  the  circular  arc  A  H ;  this 
will  be  the  trace  of  the  face  of  the  tooth.  About  G,  with  the 
radius  G  A,  draw  the  circular  arc  A  K ;  this  will  be  the  trace  of 
the  flank  of  the  tooth. 

To  facilitate  the  application  of  this  rule,  Mr.  Willis  has  published 
tables  of  the  values  of  £  F  and  C  G,  and  invented  an  instrument 
called  the  ^^  Odontography*  That  instniment  is  an  oblong  piece 
of  card-board,  F  G  K  H,  fig.  06,  measuriug  about  13  inches  by  7| 

inches.      The    oblique 

edge,  L  K,  makes  an 

angle  of  15"^  with  the 

edge  G  F ;  so  that  when 

the  edge  L  H  is  laid 

along  a  radius,  O  I,  of 

a    pitch-circle,    B    fi^ 

the  edge  GIF  shows 

the  positions  of  normals 

to  acting  sur&ces    of 

teeth     whose      pitch* 

points  are  at  a  distance 

from   I  equal   to  half 

the  pitch.     Along  the 

edge  GIF  two  scales  of  equal  parts  are  laid  off  in  opposite 

duections  from  the  point  I,  where  the  straight  line  coinddii^ 

with  H  L  meets  G  F;  the  B(»de  I F  serving  to  mark  the  ceDtns 

^  &ce8,  and  the  scale  I  Q  the  oentcea  lot  ^\!^s&)  %\i  ^^iteAoos 


0 

Rg.  96. 
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from  I  computed  by  the  formulie.  "Values  of  those  distancefl  for 
different  pilches  and  numbera  of  teeth,  and  other  useful  dimen- 
Bions,  are  given  in  tubles  which  are  printed  on  the  sides  of  the 
c«fd-board. 

141.  Teclh  Gpartncwlth  BauBd  HlsTfa— TruDdlra  nod  Ptn-nbHla. 

— When  two  wheels  gear  together,  and  one  of  them  has  cylindrical 
pins  (called  »(a«s)  for  t*eth,  tKftt  one  is  called,  if  it  ia  the  Inrget  of 
iJi«  two.  a  pin-uAeti,  and  if  the  Bmaller,  a  Irvndh.  Tlie  traces  of 
the  teeth  of  the  other  wheel  ai-e  dravn  in  the  following  manner : — 
Id  6%.  97,  let  B.  be  the  pitch-circle  and  Cj  the  centre  of  the 
troniile  or  pin-wheel,  and  let  B,  Bj  bo  the  pitch-circle  of  the  other 
wheel.  Divide  the  pitch-circte,  Bj  B,,  into  arcs  equal  to  the  pitch, 
«nd  tlirongh  the  points  of  division  trace  a  set  of  external  epicy- 
cIomIb  by  rolling  the  pitch-circle  B^  on  the  pitch-circle  B,.  with  the 
oratrc  of  a  stare  for  u  tracing-point,  as  shown  by  the  dotted  lines; 
then  di»w  curres  panillel  to  and  within  the  epicycloids,  at  a  dis- 
tance from  them  uijtnil  tii  the  radius  of  a,  atave.  These  will  be  the 
froBtii  and  baclcB  of  the  required  teeth.  The  clearing  curves  are 
(arcniar  arcs  of  a  radina  equal  to  that  of  the  staves. 


Fig.  OT. 


Fig.  08. 


Wfara  the  teeth  drive  the  staves,  the  whole  path  of  contact 
OMWSto  of  rtceu,  and  there  is  no  approach ;  for  the  teeth  begin  to 
act  on  Ibc  staves  at  the  instant  of  passing  the  line  of  centres. 
Wbcn  the  Htaves  drive  the  teeth,  tlie  whole  path  of  contact  consists 
rf  ttpproaeh,  and  there  is  no  recess ;  for  the  ataves  ceaae  to  act  on 
tha  tMth  at  the  instant  of  passing  the  line  of  ccnti-es.  The  latter 
mod*  of  action  is  avoided  where  economy  of  power  is  studied, 
hf  llUfi  it  t4>Jida  to  produce  increased  friction,  for  reasons  to  be 
Mated  nudcr  the  ht^d  of  the  DyDamics  of  Machines. 

To  drive  a  tnindle  in  inmde  gearing,  the  outlines  of  the  teeth  of 
the  wheel  should  be  curves  parallel  to  internal  epicycloiils.  A 
pwoliar  case  of  this  is  represented  in  tig.  98,  where  the  radins  of 
tlu  pitch-circle  of  the  trundle  is  enactly  one-half  of  that  of  the 

eli-cinle  of  the  wheel ;  the  trundle  has  three  equidistant  slaves', 

I  the  internal  epicvcloids  described  hf  their  centres,  wlule  tW 
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pitch«<iiicle  of  the  trundle  is  Tolling  witliin  thst  of  tke  whed,  aie 
three  atnight  lineB,  diameten  of  the  wheel,  meking  an^^  of  60* 
mth  each  other.  Hence  the  aurfiioee  <^  the  teeth  of  the  whed. 
form  three  straight  grooves  intersecting  each  o^er  at  the  oandkn^ 
each  being  of  a  width  equal  to  the  diameter  of  a  stave  of  the 
trundle,  with  a  sufficient  addition  for  hack-ksh. 

The  following  is  the  construction  given  by  Mr.  Willis  for  finduig 
in  pin-wheels  and  trundles  tohal  %8  the  grtaMt  radkoB  qf 
conaitUnl  wUh  having  (m arc  qf  oonlact  nU  lm§ihan  ih€j^tA(^ 
%99):- 

Let  C  be  the  centre  of  the  wheel  with  teeth,  and  C  that  of  the 

wheel  with  stavea  On  their 
two  respective  pitch-cirelee  kj 
off  the  arcs  I  D  and  I  B;  eaek 
equal  to  the  pitch.  Draw  the 
straight  line  I  B';  draw  also  tke 
straight  line  0  £^  bisecting  the 
angle  I  C  D,  and  cutting  I  B  ia 
E;  then  B  E  will  be  the  gieatnt 
radius  that  can  be  given  to  the 
staves  consistently  with  having 
an  arc  of  contact  not  leas  than 
the  pitch. 

The  proof  is  as  follows: — ^Be- 
cause the  fronts  and  backs  of  the 
teeth  are  similar,  the  crest  of 
the  tooth  that  acts  on  a  stave  at 
B  must  be  in  the  straight  line 
C  E,  that  bisects  the  angle  I  C  D. 
When  the  centre  of  a  stave  is  at 
B,  the  point  of  contact  of  the 
stave  and  tooth  must  be  ia  the 
line  of  connection  I  R  When 
the  staves  have  the  grcatsel 
radius  consistent  with  the  oon> 
tinuance  of  action,  while  tlie 
centre  of  a  stave  moves  from  I  la 
B,  the  point  of  contact  and  the  crest  of  the  tooth  coincide^  and 
iire  therefore  at  the  point  E,  where  I  B  and  C  E  intersect 

Should  C  E  pass  beyond  B,  the  proposed  pair  of  wheels  will  not 
work,  and  the  design  must  be  altered ;  and  such  is  also  the 
when  C  E  either  traverses  the  point  B  or  cuts  I  B  so  near  to  B 
to  give  a  radius  too  small  for  strength. 

In  practice,  the  radius  B  E  ought  to  be  made  a  little  leas 

that  given  by  the  Rule,  in  order  that  there  may  be  no  risk  ef 
imporfwt  working  through  the  effects  of  tear  and  wear. 


Fig.  99. 
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t  The  smslleat  nuinber  of  staves  commoaly  met  with  in  a  trniufle 

it  rack  may  liave  staves  ipatead  of  teeth ;  it  is  then  called 
in-raek;  and  it  ia  o^idcat  that  the  fronts  and  iMLoka  of  the  teeth 
XI  gear  with  it  should  be  parallel  to  involutes  of  the  pit«h- 
drdo  of  that  wheel.  On  the  other  hand,  a  toothed  straight  raok 
may  gear  with  a  tnindle,  and  tiien  the  teetb  of  the  rack  are  to  be 
tCBOcd  \ty  first  rolling  the  pitcb-oircle  of  tbo  trundle  on  the  pitch- 
linn  of  tho  rack,  so  as  to  draw  cycloids,  and  then  drawing  curves 
jnrallttl  to  and  inside  those  cycloid^  at  a  dii^tance  equal  to  tho 
radius  of  tJie  staves. 

^, — Thn  action  of  a  pair 
of  wheels  is  said  to  be 
iiOumiitinl  when  there 
m  certain  parts  of  the 
niTOlntion  of  the  driver 
daring  wHioh  the  follower 
itenik  «dlL  This  is 
(Acted  bj  having  a  tiaad 
are,  at  portion  without 
leeih,  sutdi  as  A  E,  fig. 
100,  in  the  circumference 
t€  the  driver,  to  which 
dure  coireeponds  a  suit- 
■Ue  jMip  in  the  series  of 
teeth  of  the  follower,  as 
botweea  C  and  D ;  and  in 
Mxt  ouei  there  are  ako 
MquiwI  a  guitU-phle,  G 
a.  finsd  to  one  aidi-  of  the 
'  ~  which,  when  tho 

1  (if  thu  wheels 
is  miawnl,  ia  nctcd  upon 
bjr  a  pin,  F,  in  Ibe  driver. 
Snpputiug  the  mdii  and 
tlM  bit«b  of  a  jnir  of 
*1m«U  to  be  given,  and 
•lea  tba  ore  o/  rtjtotti — by 
«hich  terra  is  meaut  the 
Ingtk  upon  the  |jit«h- 
cirdtt  of    Un    driver  of  fig.  too. 

ll«t    part  which   ia   to 

pM»  dnmg  the  pause  in  the  movement  of  the  follower — the  method 
of  dMgnT"g  tho.se  wheels  so  as  to  work  with  amoothness  and 
'  '  n  ia  as  follows : — 
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Draw  the  pitch-circles,  and  divide  them  as  usual;  draw  also 
the  addendum-circles  and  root-circles  according  to  the  ordinary 
rules.  Mark  the  point,  K,  where  the  addend um-ciix;les  cut  each 
other  at  the  receding  side;  this  will  be  the  point  at  which  the 
action  of  the  teeth  will  terminate,  at  the  instant  when  the  pause 
begins.  Through  K  draw  a  curve  suited  for  the  front  of  a  tooth  of 
the  follower,  and  let  C  be  the  pitch- point  of  that  tooth.  Then, 
starting  from  C,  lay  off  the  pitch- points  of  the  fronts  and  backs  of 
the  teeth  of  the  follower,  and  draw  those  fronts  and  backs.  Then, 
looking  towards  the  approaddng  side,  mark  the  furthest  tooth  from 
the  line  of  centres,  which  is  cut  by  the  addendum-circle  of  the 
driver;  let  D  be  the  pitch-point  of  the  face  of  that  tootL  The 
crest  of  the  tooth  D  is  to  be  cut  away  so  as  exactly  to  fit  the 
addendum-circle  of  the  driver,  and  the  teeth  between  it  and  the 
tooth  C  are  to  be  omitted,  leaving  a  smooth  part  of  the  root-circle 
between  the  front  of  C  and  the  back  of  D ;  this  is  the  required 
gap. 

Measure  the  arc  C  D  on  the  [dtch-circle  of  the  follower  between 
the  fronts  of  the  teeth  C  and  D,  and  to  its  length  add  the  length 
of  the  intended  arc  of  repose;  from  the  sum  subtract  the  apace^  B  E, 
that  is  to  be  left  between  each  pair  of  teeth  on  the  pitch-cirde  of 
the  driver;  the  remainder  will  be  the  dead  arc,  A  E,  which  is  to  be 
laid  off  on  the  pitch-circle  of  the  driver.  The  two  ends  of  that  arc 
are  to  be  bounded  by  curves  like  the  front  and  back  of  a  tooth  of 
the  driver  respectively :  a  front  at  A,  a  back  at  E;  and  the  inter- 
vening part  of  the  rim  of  the  driver  is  to  have  a  smooth  edge 
coinciding  with  its  addendum-circle. 

For  the  purpose  of  renewing  the  connection  between  the  driver 
and  follower,  the  cylindrical  pin  F  is  to  be  fixed  with  its  centre 
in  the  pitch-circle  of  the  driver,  and  the  guide-plate  G  H  is  to  be 
fixed  to  the  corresponding  side  of  the  follower.  The  acting  edge 
of  the  guide-plate  is  to  be  shaped  like  the  front  ^f  a  tooth  for 
working  with  the  pin  F  (as  in  Article  141,  page  137);  and  the 
distance  on  the  pitch-circle  of  the  follower  from  the  front  of  that 
edge  to  the  front  of  the  tooth  D  is  to  be  equal  to  the  distance  on 
the  pitch-circle  of  the  driver  from  the  front  of  the  pin  P  to  the 
front  of  the  tooth  B;  so  that  when  B  is  driving  D,  F  shall  at  the 
same  time  be  driving  O  H.  The  end  G  of  the  guide-plate  in  the 
position  of  repose  should  project  just  far  enough  inside  the  pitch* 
circle  of  the  driver  to  insure  that  the  pin  F  shall  meet  it 

The  action  in  working  is  as  follows : — Just  before  the  pause,  the 
front,  A,  of  the  dead-arc  drives  the  front  of  the  tooth,  C,  in  the 
usual  way  throughout  the  ordinary  path  of  contact;  and  then^  as 
there  is  a  gap  following  C,  the  crest  of  the  front  A  oontinnee  to 
drive  C  until  the  crest  of  C  reaches  the  position  K,  and  dears  the 
addendum- circle  of  the  driver.     At  that  instant  the  driver  loses 
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il  of  the  follower,  and  at  the  same  instant  the  top  of  the  tooth  D 
«omea  in  contact  with  the  rim  of  the  dwkd  arc,  which  it  is  shaped 
w  fit;  and  this  pi'eventfi  the  follower  from  moving  until  the  dead 
irc  hna  passed  dear  of  the  tooth  D.  At  this  instant  the  pin  F 
b^na  to  drive  the  guide  pint e  G  H,  and  continues  to  do  so  until 
the  tooth  B  has  begun  to  drive  the  tooth  D,  and  the  connectioa 
«  renewed. 

If  the  pressure  to  be  exerted  is  eonsiderable,  there  may  be  a  pair 
of  pins  at  F,  one  at  each  si<le  of  the  driver,  and  a  pair  of  guide- 
phite*  at  G  H,  one  at  each  side  of  the  follower. 

The  shortest  arc  through  which  the  follower  coB  be  driven  in 
the  interval  l«tween  two  pauses  is  C  D ;  and  such  ia  the  case  when 
B  is  the  front  of  a  second  dead  arc,  and  tlie  tooth  D  is  imme- 
diately fallowed  by  a  second  gsp.  In  this  case  it  may  be  necessary 
to  cut  away  part  of  the  outer  nide  of  the  pin  F,  in  order  to  insure 
itn  clearing  the  tip,  G,  of  the  guide-plate  when  the  next  pause 

It  ia  easy  to  see  how  the  same  principles  may  he  applied  to  the 
designing  of  a  loheel  and  rack  with  intermittent  action.  When  the 
rack  is  the  follower,  a  pair  of  similar  and  parallel  nicks,  rigidly  framed 
''^ether,  may  be  made  to  gear  with  opposite  edges  of  a  spur-wheel, 
"•Ting  a  toothed  arc  and  a  dpiid  arc  so  arranged  as  to  drive  the  two 
nckx  alternately  in  opposite  directions,  and  thus  produce  a 
tvciprocating  motion  of  the  i)iecc  of  which  they  are  parts.  Thin 
conibinntioD  belongs  to  Class  C  of  Mr.  Willis's  arran^ment  Aa 
lo  the  form  which  it  takes  when  one  tooth  oidv  acts  at  a  time,  see 
Article  1(;+,  further  on.     (See  also  Addendum,' page  286.) 

143.  Tbc  THtli  -r  n*H-<'ircHinr  n'bpcia  may  be  traced  by 
rolling  circles  or  othiT  curves  on  the  pitch-lines;  and  when  those 
tr*lli  n(io  small,  compared  with  the  wlieels  to  which  they  belong, 
nrcli  tooth  is  nearly  similar  to  the  tooth  of  a  circular  wheel  whose 
^•circle  haa  a  radius  equal  to  the  radius  of  curvature  of  Ute 
Vline  of  the  actual  wheel  at  the  point  where  the  tooth  is 
;  tba  tooth  being  traced  by  means  of  the  fame  deaoribing 
e  which  is  used  for  the  circular  wheel. 
It  is  obvious  that  the  use  of  nn  iitiiform  describing  circle  for 
t*Hh  of  R  given  piUh  (as  exphiined  in  Article  139,  page  134)  is 
tie  motit  easily  practicable  method  of  tracing  teeth  fur  a  non- 
circalar  w-be«L  It  may  be  curried  out  by  means  of  templets,  as 
i&  Anicle  137,  page  131. 

Tb«  operation  is  necessarily  much  more  laborious  than  the 
tatreaponding  operation  for  a  circidnr  wheel;  )>ccuiise  in  a  non- 
■imiilii  wheel  tie  teeth  have  figures  varying  with  the  curvature 
jitbe  pttcb-iine. 

Htf  Uie    |i)tch-Iine  of  a  non-circular  wheel  ia  one  whose  ntdii 
^bn-rsture  at  a  scries  of  points  can  be  easily  found,  a  geriea  of 
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figures  may  be  need  for  lihe  "teeth  simikr  to  the  *figarei  voHed  for 
'droular  'wheels  of  those  radii;  and  in  drawing  tEoie  figures  the 
•l^roodmate  methods  of  Artiole  140^  pages  134  to  1^,  may  be 
employed.* 

*  The  following  relation  between  the  radii  of  cnrvatnre  at  a  pair  of  ootie- 
sponding  points  of  a  pair  of  pitch-lines  that  roU  together,  may  be  naefid  to 
determine  one  of  those  radii  of  cnrvatnre  when  the  other  is  known.  Ltt 
r  and  r^  be  the  two  segments  into  idiich  the  pitoh-point  divides  ^ke  Ham  of 
centres  at  the  instant  when  the  pair  of  correspcmding  points  in  qiMitioii  aie 
in  contact;  let  p  and  p'  be  the  two  radii  of  cnrvatnre  at  tiieaa  painti^  and 
let  0  be  the  angle  which  those  radii  make  with  the  line  of  centres  at  tiie 
instant  before  mentioned;  then 


;-+''=(r+^)"«* «^> 


lUian  the  nitch-lines  are  in  inside  gearing,  the  greater  of  the  ^o  mgnmkM, 
r,  r',  is  to  be  made  negative,  and  each  ramns  of  cnrvatnre  is  to  be  oonaiderad 
as  positive  for  a  convex  and  negative  for  a  concave  pitch-line. 

For  a  pair  of  equcU  elliptic  pitch-lines,  as  in  Article  108,  page  93,  Hie  tadii 
of  cnrvatnre  at  a  pair  of  coResponding  points  are  equal,  aiul  ass  IJisiaffMiii 
both  given  by  the  following  fonnnlss : — 

1_  l^coee/1       1\ 

P  -  V  -  ^    V       W' "^^^ 

^  =  P  =  (r.fr-)cose' ^^^ 

and  the  same  formnlse  apply  to  any  pair  of  equcU  and  mmUar  Uikedpiitk  Umt 
of  the  class  described  in  Article  109,  page  97. 

For  a  logarithmic  spiral  pitch-line  (Artide  110,  page  99)  the  xidias  of 
cnrvatnre  at  any  point  is  given  by  the  formula 

"-^r <*> 

and  may  be  found  approximately  by  construction,  as  already  dascribad  in 
the  article  referred  ta 

If  one  of  the  pitch-lines  is  straight  (a  case  already  used  as  an  ezampla  ia 
Article  107,  page  92),  the  reciprooJ  of  the  radius  of  curvature  of  that  liaa 
is  at  every  point  equal  to  notmng;  so  that  equation  1  of  this  aote  bessMai 
(for  the  other  pitch-line) 

7=(^  Jl^-" ♦^> 

Let  e  denote  the  length  of  the  line  of  centres,  and  a  the  shortM* 
of  th3  straight  pitch-line  from  its  own  axis  of  motion;  then  /  =  ^r^» 

r  =  c — r'  —  c g;  consequently  equation 4  beoomea 

1  coos*0 

P 
or 


^-  {•••••..•.•••••.t*«»*««*«.««fa.aBl 


a  fl'  - .     . 
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When  a  pair  of  non .circular  wheels  are  connected  l^  means  of 
Bth  kloDe,  care  must  be  taken  that  the  obliquity  of  the  action  of  the 
h  di)es  Dot  become  too  great  in  certain  positions  of  the  wLeels. 
Mt  oLliqaitj  is  grentcst  at  the  instant  when  the  obliquity  of  the 
I  tangent  of  the  two  pitch-linea  at  their  pitch-point  to  a, 
ieular  to  the  Uno  of  centres  at  that  point  id  greatest,  such 
iqnitjf  being  in  the  direction  of  rotation  of  the  follower;  for,  as 
t  is  alao  the  direction  of  the  obliquity  of  the  line  of  connection 
r  the  teetli  to  the  pitch-lines,  those  two  obliquities  are  added 
ttethcr  at  the  instant  in  queatioa;  their  sunt  being  the  total 
Hiffuity  of  tlie  line  of  connection  to  a  perpendicular  to  the  line  of 
"  trea.  Excessive  obliquity  of  action  tends  to  produce  great  fric- 
I,  and  involves  also  the  risk  of  the  teeth  either  getting  jammed 
r  loang  hold  of  each  other.  In  practice,  the  total  obliquity  of 
itioQ  of  the  teeth  of  non-circular  wheels  is  seldom  allowed  to  exceed 
mt  60^;  or  say,  about  15°  for  the  obliquity  of  the  line  of  connec- 

n  of  the  teeth  to  the  pitch-linea,  and  36°for  the  greatest  obliquity 

tt  the  pitch-lines  to  a  line  perpendicular  to  the  lino  of  centres. 

There  is  one  case,  however,  in  which  it  is  not  necessary  to  oon- 
fiiK  tbt  obliqnity  within  such  narrow  limitej  and  that  is  when  the 
whrnls  have  a  pair  of  eqnal  and  similar  elliptic  pitch-lines  centred 
OD  two  of  their  foci,  and  it  is  piaetioible  to  link  the  revolving  foci 
tngetlier,  as  shown  in  Article  lOS,  6g.  72,  page  90;  for  the  link 
ptTstrrve*  the  connection  accurately  at  the  time  when  the  obliquity 
,  af  the  pit«h-lines  is  greatest.  In  this  case,  indeed,  the  teeth  may 
'^*^  inDitt«d  tlironghout  a  pair  of  arcs  at  the  two  sides  of  each 
^tio  pitch-line,  each  such  toothless  arc  having  a  smooth  rim  of 
B  form  of  the  pitch-line,  and  extending  both  ways  from  the  end 
f  the  minor  axis  to  a  pair  of  points  ]>erpendicularly  opposite  the 
i,  or  nearly  so.     (See  page  292,) 

'■|.  TadkarBent-wkHb.  {A.  M.,  *G7.) — The  teotU  of  abevel- 
I  have  acting  surfaces  of  the  conical  kind,  generated  by  tli» 
"ne  ttaveraing  the  apex  of  the  conical  ]iit«h-surface, 
n  it  is  carried  round  the  traces  of  the  teeth  upon  a 
J  aurfoce  described  about  that  apex, 
e  operations  of  drawing  the  truces  of  the  t«eth  of  bevel- 
■  exactly,  whether  by  involutes  or  by  rolling  curves,  are  in 
i  analogous  to  those  for  drawing  the  traces  of  the  teoth 
of  ipiu^whecls;  except  that  in  the  case  of  bevel-wheels  aimioso 
opmtioDR  are  to  be  performed  on  the  surface  of  a  si)hei«  de- 
KTihed  about  the  apex,  instead  of  on  a  plane,  substituting  poleg  for 
etm/rm,  and  great  circlet  for  ttraigkt  lineg. 

Id  ranrideration  of  the  practical  difficulty,  especially  in  the  case 
cf  large  wheels,  of  obtaining  an  accnrate  epherical  snr&ce,  and  of 
ilnwiDg  upon  it  when  obtained,  the  following  approximaU  method, 
profwacd  originally  by  Tredgoid,  is  generally  used ;— • 


I 

I 
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I.  DevdopmerU  of  Teeth. — Let  O,  fig.  101,  be  the  common  apex 
of  the  pitch-cones,  O  B  I,  O  B'  I,  of  a  pair  of  bevel-wheels ;  O  0, 
O  C',  the  axes  of  those  cones ;  O  I  their  line  of  contact  Perpen- 
dicular to  O  I  draw  A  I  A',  cutting  the  axes  in  A,  A';  make  the 

outer  rims  of  the  patterns  and  of 
1^  the  wheels  portions  of  the  cones 
A  B  I,  A  B'  I,  of  which  the  nar- 
row zones  occupied  by  the  teeth 
will  be  sufficiently  near  for  practical 
purposes  to  a  spherical  sur&ce 
described  about  O.  As  the  cones, 
A  B  I,  A'  B'  I,  cut  the  pitch-cones 
at  right  angles  in  the  outer  pitch- 
circles,  I  B,  I  B',  they  may  be 
called  the  normal  cones.  To  find 
the  traces  of  the  teeth  upon  the 
normal  cones,  draw  on  a  flat  surface 


Fig.  101 


circular  arcs,  I  D,  I D',  with  the  radii  A  I,  A'  I ;  those  arcs  will  be 
the  devetopmerUa  of  arcs  of  the  pitch-circles,  I  B,  I  B',  when  the 
conical  surfaces,  A  B  I,  A  B'  I,  are  spread  out  flat.  Describe  the 
traces  of  teeth  for  the  developed  arcs  as  for  a  pair  of  spur-wheels, 
then  wrap  the  developed  arcs  on  the  normal  cones,  so  as  to  make 
them  coincide  with  the  pitch-circles,  and  trace  the  teeth  on  the 
conical  surfaces. 

XL  Traces  and  Projections  of  Teeth, — Fig.  102  illustrates  the 
process  of  drawing  «the  projection  of  a  tooth  of  a  hevet-wlied  on  a 
plane  perpendicular  to  the  axis.  In  the  flrat  place,  let  A  C 
represent  the  common  axis  of  the  pitch-cone  and  normal  cone ;  A 
being  the  apex  of  the  normal  cone.  Let  A  I  be  the  trace  of  the 
normal  cone  on  a  plane  traversing  the  axis ;  and  let  1 1\  perpen- 
dicular to  I  A,  bo  part  of  the  trace  of  the  pitch-cone  on  the  same 
plane,  of  a  length  equal  to  the  intended  breadth  of  the  toothed 
rim  of  the  wheel.  C  I  perpendicular  to  A  C  is  the  radius  of  the 
pitch-circle  in  which  the  pitch-cone  and  normal  cone  intersect  etch 
other.  About  A,  with  the  radius  A  I,  draw  the  circular  aro 
D  I  D,  making  D  I  =  I  D  =  half  the  pitch ;  D  I  D  will  be  the 
development  of  an  arc  of  the  pitch -circle  of  a  length  equal  to  the 
pitch.  On  the  arc  D  I  D  lay  off"  I  G  =  I  G  =  half  the  thicknes 
of  a  tooth  on  the  outer  pitch-circle.  Then,  by  the  rules  for  spur- 
wheels,  draw  the  trace,  H  G  E  G  11,  of  one  tooth  and  a  pair  of 
half-spaces,  with  a  suitable  addendum-circle  through  £,  and  a 
suitable  root-circle,  H  F  11. 

The  straight  line  F  I  £  will  be  the  trace,  upon  a  plane  travers- 
ing the  axis,  of  the  outer  side  of  a  tooth ;  and  £  and  F  will  be 
the  traces,  on  that  plane,  of  the  outer  addendum-circle  and  root- 
circle  respectively.     From  £  and  F  draw  straight  lines^  £  K  and 


m  a  fiaae  trsveniag  the  axis,  r>f  the  inner  side  of  a  tooth  ;  and 
tlia  poiota  B,  T,  and  V  will  be  respectively  the  traces  of  the 
■iii)«T  adden dam-circle,  inner  pitch'circle,  and  inner  root-nircle. 
Tliroagfa  A.  parallel  to  C  I,  draw  the  straight  line  A  t «,  and 
»iro  thin  liiie  to  be  traversed  by  a  plane  perpendicular  to  the 
,  an  a  nev  plane  of  projection.  Tlirough  the  points  F,  I,  E, 
r,  1',  K*.  ilmv  ntraight  lines  parallel  to  C  A,  cutting  A  0  in 
/.  i,  e,  /.'  t",  e;  theae  points,  marked  with  sniail  letters,  will  ba 
the  ivajectioiii.  on  the  new  phino,  of  the  points  niarked  with  the 
oumaponiding  capital  letters. 


wliich  cross  F  E,  and  b^  off  tbe  a 
correspondiiig  area  which  cross y«,'  a  carve,  Aye^A,  dr 
the  points  thus  found,  vill  be  the  required  projectiot 
par&llel  to  the  axis,  of  the  outer  side  of  a  tooth. 

The  projection,  h'  g  e  g  It',  of  the  inner  aide  of  a  t<: 
hy  a  Hi'n'l"'"  process,  except  that  the  lueaauring  and  h 
thicknesses  is  rendered  )mnecc3sar7  hj  the  fiiet  that 
corresponding  points  in  the  projections  of  the  oato-  am 
lie  in  one  straight  line  with  A.  For  example,  having  i 
A  a  circular  arc  through  f,  draw  the  two  straight  lint 
these  will  cut  that  arc  in  the  points  g.  p*,  b«ing  tli«  t 
projectioa  of  the  inner  mde  corresponding  to  17.  ^  in  Ik 
of  the  outer  side ;  and  thus  it  is  unnecessary  to  lay  of 
nessy'y'. 

145.   T«lh     mt   Sluw-berel    VhtxU  —  OtmmX    l^mmd 

surfaces  of  the  teeth  of  a  skew-bevel  wheel  heloitg,  li 
Bur&ce,  to  the  hjperboIoTdal  class,  and  mav  be  oonc 
generated  by  the  motion  of  a  straight  line  which,  in 
successive  positions,  coincides  with  the  line  of  contMd 
with  the  corresjxjnding  tooth  of  another  wheeL  Thi 
may  also  he  conceived  to  he  traced  by  the  rolling 
hololdiil  roller  upon  the  Lyperboloidal  pitch-imrface,  in 
described  in  Article  84,  pages  70  to  73. 

The  conditions  to  be  fi^Glled  by  the  irtKa  of  Iks 
hacks  of  the  Ueth  on  tin  kyperbolmiial  pilek-«urfaae  ars 
each  of  those  traces  shflU  be  one  of  the  generating  sttai 
the  hyperbolold  (Article  106,  pace  89);  R  That  then 
neaaured  from  front  to  front  of  ttie  teeth  along  the  tu 
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Divide  tho  deptb,  F  E,  of  the  tooth  at  its  oater  side  into  anj 
oonvenient  number  of  intervals.  Through  the  points  of  divifiXA 
draw  straight  lines  parallel  to  C  A;  these  will  eat/0  in  a  series  <^ 
points,  wmch  will  be  the  projections  of  the  points  of  divkioii  of 
F  K  Through  the  points  of  division  of  F  E,  and  also  through 
the  projections  of  those  points,  draw  circular  arcs  about  A  as  a 
centre.  Measure  a  series  of  thicknesses  of  the  tooth  on  the  arcs 
which  cross  F  £,  and  lay  off  the  same  series  of  thicknesses  on  tiie 
corresponding  arcs  which  crossy*^;  a  curve,  hgegh,  drawn  through 
the  points  thus  found,  will  be  the  required  projection,  on  a  plane 
parallel  to  the  axis,  of  the  outer  side  of  a  tooth. 

The  projection,  1i  g  e  g'  h',  of  the  inner  side  of  a  tooth  is  found 
by  a  similar  process,  except  that  the  measuring  and  laying-off  the 
thicknesses  is  rendered  unnecessary  by  the  fact  that  each  pair  <^ 
corresponding  points  in  the  projections  of  the  outer  and  inner  sides 
lie  in  one  straight  line  with  A.  For  example,  having  drawn  about 
A  a  circular  arc  through  i\  draw  the  two  straight  lines  A  ^,  A^; 
these  will  cut  that  arc  in  the  points  g',  ^,  being  the  points  in  the 
projection  of  the  inner  side  corresponding  to  ^,  ^  in  the  projecti(»i 
of  the  outer  side ;  and  thus  it  is  im  necessary  to  lay  off  the  thidc- 
ness  ^  ^. 

145.   Teeth    •£  Sk«w-beTel   Wheels  —  Qeaenl   €*a«UlMM.^Thft 

surfaces  of  the  teeth  of  a  skew-bevel  wheel  belong,  like  its  pitdb 
surface,  to  the  hypcrboloidal  class,  and  may  be  conceived  to  be 
generated  by  the  motion  of  a  straight  line  which,  in  each  d  its 
successive  positions,  coincides  with  the  line  of  contact  of  a  tooth 
with  the  corres)X)nding  tooth  of  another  wheel.  Those  sui&oes 
may  also  be  conceived  to  be  traced  by  the  rolling  of  a  hyper- 
boloidal  roller  upon  the  hyperboloidal  pitch-surface,  in  the  mamiflr 
described  in  Article  84,  pages  70  to  73. 

The  conditions  to  be  fulfilled  by  the  trtices  of  Hie  JronU  and 
hacks  of  the  teeth  on  the  hyperboUndal  pitch-surface  are  : — ^A.  Hist 
each  of  those  traces  shall  be  one  of  the  generating  straight  lines  oC 
the  hyperboloid  (Article  106,  page  89);  B.  That  the  normal  pMf 
measured  from  front  to  front  of  the  teeth  along  the  normal  tpind 
(Article  106,  page  89),  shall  be  the  same  in  two  wheels  that  gear 
tc^ether — (this  second  condition  is  always  fulfilled  if  the  two 
pitch-surfaces  are  correctly  designed,  and  the  numbers  of  teiA 
made  inversely  proportional  to  the  angular  velocities) ;  and  GL  TbtX 
the  teeth,  if  in  outside  gearing,  shall  be  right-hcmded  on  both 
wheels,  or  l^handed  on  both  wheels ;  and  if  in  inside 
contrary-handed  on  the  two  wheels. 

Skew-bevel  teeth  may  be  said  to  be  eioht-hahhed  or 
MAn>ED,  According  to  the  direction  in  which  the  geneimtiiig  Vam 
cf  the  teeth  appear  to  deviate  iiom  ^iXi«  «>:x!\&  ^Wu  looked  at  wtt 
tiie  axiB  upright,  as  in  fig.  103,  pa^  \il .    ^^^  «iasK^^dM^«M 
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Bales  IL  and  III.  of  that  Article,  pages  66,  89,  the  mraal  I A 


Fig.  104. 


•nd  tangent  I  F  T,  to  the  trace  of  the  pitch-sorfitce  at  L  1km 
find,  hj  Rnte  Y.  of  that  Artitde,  page  89,  the  radius  of  cantttn 
of  the  normal  niir&l  at  the  point  I,  and  lay  off  that  radni  «f 
carvature,  I  S,  along  the  nonnal 

In  fig.  104  (which  is  on  a  larger  scale  than  fig.  103,  6x  the  nkt 
of  distinct  n  ess),  let  A  0,  as  before,  be  the  axis  of  ttie  irheel,  01 
the  radius  of  the  middle  pitch-circle,  I  A  the  normal,  and  I  S  tlw 
radios  of  curratare  of  the  normal  spiral ;  draw  I  N  p«rpaMlie«ltt 
to  I  a  Then,  by  Rule  V.  of  Article  106,  page  89,  find  tfaa  tJ^ 
(:=  O;  f*  in  fig.  66,  page  S8)  which  a  tangent  to  the  nonnal  nini 
makes  with  a  tangent  to  the  pitch-circle,  and  dtaw  I  P,  in^ig 
that  angle  with  I  N.  I^y  off  I  F  equal  to  Ola  pUck  at  iiihimi? 
<M  tie  middia  pitA^rctt ;  let  fall  P  M  perpendioolar  to  I  H;  An 
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k  be  the  normal  piWi  at  Uie  middle  pitch-cirde.     About  S, 
fe  nditu  8  I,  draw  &  ctrcukr  arc,  and  \aj  off  ou  that  arc 
mce,  D  D,  equal  to  the  normat  pitch,  one-balf  to  each  side 
J  off  the  intended  middle  thicluiess,  G  G,  of  a  tooth,  one- 
ich  side  of  L     Then  draw,  bj  tlie  riilea  for  spur-wheels, 
\l  tection,  H  G  E  G  H,  of  tt  t«oth,  beiug  its  trace  upon  a 
^  which  cuLtt  it  normally  at  the  middle  of  the  breadth  of 
ii  of  the  wheel. 
I'lVace  q/*»  Taotlt  <m  tius  Normal  Con*.— Through  A  in  fig.  104 
•  parallel  and  equal  to  C  I ,  and  through  I  draw  I  i  parallel 
o  C  A.     About  A,  with  the  radius  A  i,  draw  the  circular 
ual  in  length  to  I  P,  the  pit«b  on  the  pitch-circle,  and 
•  middle  of  i»  length  at  the  point  i'.     This  will  be  the 
ob  the  pitch-circle  corrcapoudiug  to  the  arc  D  D  on  the  normal 

)iTide  E  F,  the  middle  depth  of  the  tooth,  into  any  convenient 

liber  of  interruls ;  and  through  £  and  F  and  the  points  of 

ision  draw  straight  lines  parallel  to  1 1,  cutting  A  i  e  to  a  seriee 

omespondiiig  points.     Thmugh  the  points  in  E  F  draw  circular 

I  about  8.     Through  the  corresponding  points  of  ef  draw  oir- 

na  about  A.     From  the  points  where  the  area  cut  the  trace 

[  measure  Mique  half-llncknemes  to  the  centre  line,  E  F,  of 

th,  edong  iMique  lines  drawn  parallel  h>  F  I ;  and  lay  off 

alf-tbicknesses  at  both  sides  of  e/,  along  the  arcs  which  cross 

mugh  the  points  thus  found  draw  the  curve  hg  « g  h;  this 

■  iJU  projettion,  on  a  plane  perpendicviar  to  tiix  axis,  of  the 

if  a  tooth  upon  the  normal  cons  of  the  pitch-surface  at  llie 

mo/iit  breadth;  that  is,  upon  the  cone  whose  trace  is  A  I  in 

T,     (If  it  be  desired  to  draw  the  devdoprnent  of  that  trace, 

'  the  oblitpte   haJf-fltiehutatt   along   area    drawn   about   A, 

Jt  the  points  of  division  of  the  radiiu  A  F  I  E.     The  result 

I  drawing  of  on  outline  outjude  of,  and  nearly  parallel  to, 

1  O  H.    To  prevent  confusion,  it  is  not  shown  iu  the  fig\ire.) 

B  [nUb-circle  chosen  is  at  the  throat  of  the  hy]>ei*lx>loid,  tho 

I  cone  becomes  simply  the  plane  of  that  circle ;  and  in  tig. 

kfie  coincides  with  A  F  I  £. 

,  Proyrtions  of  lAe  MiddU  Lines  of  a  TooUi.—\\\  fig.  103,  let 
(-  and  fi  e,  as  before,  represent  the  projectirtns  of  the  central 
. .  of  a  tooth,  being  part  of  a  nomial  (E  I  F  A,  e  if  a)  to  the 
I  rar(iu»  at  a  point.  I  i,  in  the  middle  pitch -circle,  whose  radius 
X;=a  i;  aa  that  F,/,  I,  t,  and  E,  e  are  the  projections  of  tho 
I  jwaU  of  the  tooth  at  the  root,  at  the  pitch-surface,  and  at 
kt  rG^«tively;  and  let  it  be  required  to  find  the  projections 
\^wdd^  Ima  ot  that  tooth  at  the  root,  pitch-surface,  and 
itively. 
Ika  linw  the  circles//',  i  •',  and  e  e  ;  being  the  projecting, 
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on  a  plane  perpendicolar  to  the  axis,  of  the  Toot-drde  thiongh  F, 
the  pitch-circle  through  I,  and  the  addendum-circle  through  £ 
Draw  also  about  a  the  pitch-circle  at  the  throat  of  the  hyperbolold, 
and  let  a  »*  be  its  radius.  Through  t  draw  a  straight  line,  » tT,  so 
as  to  touch  this  throat  pUch-cirde,  and  let  that  straight  line  cut  the 
circle  1 1'  in  »  and  t'.  Draw  the  straight  lines//*  f  and  «  «* «" 
parallel  to  1 1"  »'.  Then  these  three  parallel  lines  will  be  the  pro- 
jectiona  of  the  three  middle  lines  before  mentioned,  on  a  jiane 
perpendundar  to  the  axie. 

Describe  about  a  two  circles  touching  ff"/'  and  ee"  ^  reflpeo- 
tivelj.  These  will  be  respectively  the  root-cirde  and  the  oddenMrn- 
circle  at  the  throat  of  the  hyperbolcnd.  The  roots  and  crests  of  all 
the  teeth  lie  in  a  pair  of  hyperboloidal  sur&ces  traversing  thii 
pair  of  circles,  and  traversing  also  the  pair  of  circles  throng  F 
andR 

The  projection,  on  a  plane  traversing  the  axis,  of  the  middle  line 
of  the  tooth  on  the  pitdi-surface  is  the  tangent  I  F  already  found, 
the  points  I"  and  i*  being  in  one  straight  line  parallel  to  a  A.  To 
find  the  corresponding  projections  of  the  other  two  middle  linflfli 
there  are  two  methods. 

First  Method — From  the  points  of  contact/"  and  e',  parallel  to 
a  A,  draw  /"  F  and  e'  £",  cutting  a  »  in  F"  and  E"  respectively. 
Join  F  F"  and  £  E^     These  will  be  the  required  projectionB^ 

Second  Method, — Lay  off  on  the  axis,  a  C  =  a  C,  and  a  A'  = 
a  A,  and  draw  C  T  parallel  to  C  I :  then  (J  T  will  be  part  of  the 
projection  of  a  pitch-circle  equal  to  C  L  From  i\  pftr^llft!  to 
A  a  A,  draw  t"  T,  cutting  C  T  in  I'.  Then  i"  and  F  will  be  the 
two  projections  of  one  pitch-point,  and  11"  I'  will  be  one  atsaigfal 
line.  Join  A'  I'.  This  will  be  the  projection  of  a  normal  to  the 
pitch-sur£ftce  at  I'.  Through  /'  and  &  (which  lie  in  one  xmdiiii» 
af  i'  «)  draw  /'  F  and  ^  E  mraUel  to  A  a  A,  cutting  A'  Tin 
F  and  E  respectively.  Join  F  F  and  E  F.  These  wiU  be  the 
required  projections  of  the  middle  lines  at  the  root  and  creat  d  the 
tooth  respectively. 

lY.  Complete  Projection  of  a  Tooth  on  a  Plane  Normal  totheAau. 
— Let  the  plane  of  projection  in  fig.  105  be  normal  to  the  axis  of 
the  wheel,  and  (as  in  fig.  103)  let  a  be  the  axis ;  let  the  circlet  e  e\ 
i  t,  and  //',  be  the  projections  of  the  middle  addendum-cudfl^ 
middle  pitch-circle,  and  middle  root-circle  of  the  intended  wheel; 
let  the  circles  through  e\  t*,  and/"  be  the  corresponding  cirdea  at 
the  throat  of  the  pitch-surface ;  and  let  the  parallel  straight  lines 
e  e"  e'y  i  i'  i",  //"/  >  ^  ^^®  projections  of  the  middle  lines  of  a 
tooth  at  the  crest,  pitch-surface,  and  root,  drawn  according  to  the 
preceding  rules. 

At  the  end  of  the  radius  afi  e  construct,  by  the  rules  already  giveBy 
the  projeetioD,  of  the  trace  of  the  tooth  upon  the  middle  noniud 
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«one,  Iwung  the  curve  m:irktd  A  ye;,/,  in  fig.  104;  and  at  the  end 
rf  the  rvUiu  af  i'  €  construct  u  similar  and  equal  figure.  Prom 
'■«  of  points  in  the  figure  ut/is  draw  straight  lines  t<    ' 


cQROTjn&iliDg  puinta  in  the  figure  at/ 
liM*  will  be  the  projection      ' 
9  ^inc  of  the  surface 


-,  each  of  those  Btraight 


toeth.     For  eaample,  the  Btraight 
1»M  from  the  comers  of  the  orect 


■t  c  to  tile  corresponding  comers 
of  1^  creel  at  f!  (both  of  wliicli 
ItBC*  bjodi  the  drcio  through  e*) 
will  be  the  projections  of  the 
two  «deB8  of  the  crest;  the 
•omight  lines  from  tho  pair  of 
potata  where  the  curve  ».t  /  i  e 
aOm  the  pitch-cirole  to  the  oor- 
ranmidtDg  juir  of  points  near 
f  f  €  (both  of  which  lines  touch 
iha  cucIb  through  t")  will  bo  the  i 
proftvtions  of  the  lint's  in  which 
th)  froDl  and  back  of  the  tooth 
nanectiveljr  eitt  the  pitch-aurfuce ; 
and  tlw  sttaight  liuea  from  the 
Iwitnms  of  uiD  clearing  curves 
wmar/to  the  oorroponding  points 
sear/'  fbotli  of  which  lines  touch 
iW  onto  through/)  will  be  the 
■cqjactieaa  of  the  Iin«e  marking  the 
nttoaa  ot  the  hollown  of  which 
tlMaa  enrves  are  the  tmcea 

th»  iwojectiouB  of  the  outer  and 
imcr  sUea  of  thti  tooth  (being 
|wrtiona  of  the  outer  aud  inner  sides  of  the  rim  of  the 
Jgvna  amilar  to  the  curve  uX  fie,  and  constructed  hj  the  aamo 
~'  d;  the  dinionsions  of  the  former  being  Isrg-er  aud  those  of 
Itar  smaller  than  the  dimensions  of  that  middle  tjgure,  in  the 
'  I  in  which  the  mdii  of  the  outer  and  inner  pitch-circles 
an  rv^iectircly  grvoter  and  smaller  than  those  of  the  middle  pitch- 
cn«l«.  (As  to  UuMO  twu  circles,  see  Article  lOG,  page  90.)  Die 
loodi  in  fig.  lOfi  ia  drawn  of  on  uxaggemtcd  breadth,  in  order  to 
■bow  non  clearlf  the  oonstruetion  of  the  figure. 

T.  ModtiUng  Skeuybeed  Teeth. — Construct  a  frame  of  itnls  to  r&- 
pfwent  tlw  axis  A  A' in  fig.  103,  the  equal  radii  C  I  and  C  I',  the 
«Mil  aennala  A  F 1  E  and  A'  F  1'  E',  and  the  generating  tine  11'. 
lute  •  |nir  of  equal  and  similar  templets,  each  of  the  shape  and 
'    BoT  the  nonn&l  section  of  a  tooth,  H  G  E  G  H,  fig.  IQi. 


Rg,  los: 


wheel)  are 
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Fix  those  two  templets  to  the  frame  at  F I  E  and  F'  I'  S,  6g.  I 
tnth  their  flat  surfacea  parallel  to  each  other  and  nomal  U 
rod  II'.  Then  a  straight  edge  or  a  stretehed  wire,  mMk  to  " 
the  edges  of  the  templeta  at  a  pair  of  coraespondiDg  potnl 
mark  one  of  the  generating  lines  of  a  tooth;  and  by  the  h^cl 
this  apparatus,  teeth  may  be  modelled  suitable  either  for  the  pitefc- 
circle  through  C,  or  for  that  through  C,  or  for  the  pitch-cird«  U 
the  throat  of  the  hyperboloid,  or  for  any  other  pitch-circle  ua  Ik* 
same  hyperboloid 

147.  The  '^nBiTHwi  OMKnlir  »T  Wkcut-^trH  Tc«tt  is  the  UI|H 
PIN,  fig.  104,  page  148  (equal  to  O  y  F'  in  fig.  68,  pa^  88),  wUi 
the  normal  spiral  makes  with  the  pitch-circle;  or  it  may  be  other- 
wise defined  as  the  angle  which  the  generating  line  of  a  t4Mitk 
the  pitch-surface  makes  with  the  generating  Ime  of  a  tangmtct 
at  a  given  point,  I.  From  the  rule  for  finding  that  angle  (Aitkk 
106,  page  89),  it  is  evident  that,  with  a  given  fajpcrboloidal  fiteb- 
surface,  the  transverse  obliquity  of  the  teeth  is  greatest  at  i^ 
throat,  and  is  the  less  the  further  the  middle  pitch-circle  of  tl. 
wheel  is  removed  from  the  throat  Hence,  it  is  generally  »dTi»l>!i . 
in  designing  skew-bevel  wbeeU,  to  place  the  pitch-circlea  »s  tuu 
practicable  from  the  throats  of  the  hyperboloids,  because  ohliqni^  . 
of  action  tends  to  increase  friction. 

148.  MuiT-bFTisI    Whrtla    In    DMiktc    P^r*.— Skew-bevd   whcdl     ' 

possess  a  property  which  ordinary  bevel  wheels  do  not — vii,  tbl 
of  being  capable  of  combination  hy  dotible  poire,  as  in  fig.  lOG.  Tht 
upper  part  of  the  figure  represents  a  projection  on  a  j^ane  panlld 
to  the  line  of  contact,  1 1;  and  to  the  common  perpendicular  of  tie 
axes  F  G.  The  lower  part  of  the  figure  represents  a  projectiottcn 
a  plane  normal  to  the  common  perpendicular.  Small  letters  in  tba 
second  projection  correspond  to  capital  letters  in  the  first  ptojectiaa. 

B  and  B'  are  two  equal  and  similar  wheels  fixed  on  the  diaft 
A  A',  with  pitch -surfaces  forming  parts  of  the  same  hyptrfaoloHi, 
and  at  equal  distances  from  its  thi'oat.  They  have  equal  and  nmilic 
teeth,  with  equal  obliquities  ilk  the  same  direction ;  and,  in  ibart. 
both  wheels  may  be  cast  from  the  same  pattern.  Id  the  eutBfJs 
given,  the  teeth  of  both  wheels  are  right-handed.  In  like  nunna; 
I)  and  D'  are  two  equal  and  similar  wheels  fixed  ou  the  sfamft  CC; 
B  gears  with  D,  and  B  with  D'. 

This  arrangement  may  be  useful  where  it  is  desired,  for  the  «k> 
of  strength  or  of  steadiness  of  motion,  to  divide  the  force  exerted  ia 
transmitting  the  motion  between  two  pairs  of  wheels. 

149.  Teeth  wHh  Mapias  bhIii.— The  teeth  described  in  the  pR- 
ceding  Articles  of  this  Section  have  their  backs  tnmilar  to  tWr 
fronta,  ao  that  the  motion  of  the  wheels  may  be  reversed,  the  bacfci 
then  acting  aa  the  fronts  did  during  the  forward  motion.     Tb«T>> 

MtB  nutoy  CAMS  in  mech&&iBm  Vn  ^^ut^  *A  Sa  wA.  tx 
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motion  of  tbe  wbeeJs  should  ever  be  reversed;  and  in  atich  cases 
ihe  backs  of  the  teeth  of  a,  pair  of  wheels  are  required  simply  to  be 


Fig,  106. 


of  nd  Al^WBsa  toclMT  each  other,  without  reference  to  tbe  trann^ 
iniwim  of  inotioii.  The  consetjuence  of  this  is,  that  although  the 
tCMM  rf  tbe  faadu  must  still  beloug  to  the  same  class  of  curves 
with  the  tnWM  of  the  fronts,  their  obliquity  may  be  cousiderably 
iiii  umil,  tbe  effect  being  to  sti'eogthea  the  teeth  at  their 
root*" 

The  most  convenient  curves  for  the  traces  of  the  backs  of  teeth 
under  thoae  circumstances  are  iurolutes  of  a  circle,  for  which  there 
Buy  be  mbstitnt^d  in  practice  circular  arcs  approsimating  to  them; 

"T^t  maa  &ta  planted  oat  by  jPlxibaur  Willis. 
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and  the  method  of  drawiug  those  ucs  is  bs  foUowa: — Iic4  Sff,  Iff 
represent  the  traoe  of  part  of  a  wheel  wiUi  ito  te«A,  tliat  «W 
being  the  Bmallest  wheel  of  a  Het  that  are  to  be  caipKbl*  of  gcviiig 
together;  becaufte  the  smallest  wheel  of  s\ich  a  aet  reqiDMi  tht 
greatest  addeudum :  let  C  be  the  ceatrc,  A  &.  the  addendmn-dnie, 


B  B  the  pitct-di-cle,  D  D  tJip  root-circle,  and  let  E*  T  J",  E 1 3, 
E  I'  3",  be  the  fronts  of  teeth  designed  according  to  the  proper 
ndes,  and  F',  F,  F,  the  pitch-points  of  the  backs  of  those  teetk 
To  anj  one  of  thoee  back  pUch^poinU,  as  F,  draw  the  ndina  C  F; 
bisect  0  F  in  G,  and  about  G  draw  the  semicircle  F  K  C.  Draw  ■ 
straight  line,  H  K,  mqtendicular  to  and  bisecting  the  distance,  E  T, 
between  the  crest  £  and  back  pitch-point  F;  and  let  that  stiw^ 
line  cut  the  semicircle  in  K.  About  the  centre  C,  with  the  mdiM 
C  K,  draw  the  circle  K'  K  K';  this  will  be  the  base-dreU  «t  iha 
reouired  involutia  (see  Article  131,  page  121). 

To  drnw  the  circular  arcs  approximating  (o  thoM  1 
Jny  off,  from  the  liack  pilc\i-'pcr\n\a  to  vVe  Wsii-circl^  1 
distanom  F'  K'  =>  F  K'  =  £  ^,  iu.;  ux&  ^bc^  M| 


SLOPING-BACKED  TEETH — STEPPED  TEETH. 


E  F  L,  E'  F  L', 


>ipentreB,  K,  K',  K",  .ic..  draw  the  circular  a 
r  F"  V,  &c 
In  each  of  the  larger  ■wheels  of  the  set,  the  radius  of  the  baao- 
vrcle  for  the  becks  is  to  bear  to  the  radius  of  the  pitch-circle  the 
oonstaat  proportion  p--^,  in  order  that  the  backs  of  the  teeth  of  all 


e  obliquity — viz.,  the  angla 


"01 
the  wheels  of  the  set  may  h 
KCF. 

In  a  Btraight  rack  capable  of  gearing  with  any  wheel  of  the  set, 
the  tiscea  of  the  backs  of  the  teeth  are  to  lie  straight  lines,  makmg 
with  the  pitch-line  an  angle  equal  to  C  F  K. 

150.  m»rrr**  Tectk.— In  order  to  iacrea«e  the  smoothness  of  the 
action  of  toothed  wheeb,  Dr.  Hooke  invented  the  making  of  the 
fronts  of  teeth  in  a  series  ot  Btepa,'H  abown  in  fig.  108,  where  the 
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upper  part  of  the  figure  is  a  projection  of  the  rim  of  a  wheel  with 
stepped  teeth  on  a  plane  parallel  to  the  axis,  and  the  lower  part 
is  a  projection  on  a  plane  perpendicular  to  the  axi&  A  wheel 
thus  formed  resembles  in  shape  a  series  of  equal  and  similar  toothed 
discs  placed  side  by  side,  with  the  teeth  of  each  a  little  behind 
those  of  the  preceding  disa  In  such  a  wheel,  let  p  be  the  circular 
pitch,  and  n  the  number  of  steps.  Then  the  path  of  contact,  the 
addendum,  and  the  extent  of  sliding,  are  those  due  to  the  divided 

pitch  -,  while  the  strength  of  the  teeth  is  that  due  to  the  thickness 

corresponding  to  the  total  pitch  p;  so  that  the  smooth  action  of 
small  teeth  and  the  strength  of  large  teeth  are  combined.  The 
action  of  small  teeth  is  smoother  and  steadier  than  that  of  large 
teeth,  because  they  can  be  made  to  approximate  more  closely  to 
the  exact  theoretical  figure;  and  also  because  the  sliding  motion  of 
one  tooth  upon  another  is  of  less  extent  In  the  example  shown 
in  fig.  108  there  are  four  steps,  so  that  the  divided  pitch  is  one- 
fourth  of  the  total  pitch ;  and  the  path  of  contact  (E  I  F,  in  the 
lower  part  of  the  figure)  is  of  the  length  suited  to  the  divided 
pitch,  being  only  one-fourth  of  the  length  which  would  have  been 
required  had  the  fronts  of  the  teeth  not  been  stepped. 

151.  Helical  Tcetb»  also  invented  by  Dr.  Hooke  with  the  same 
object,  are  teeth  whose  fronts,  instead  of  being  parallel  to  the  line 
of  contact  of  the  pitch-cylinders  of  a  pair  of  spur-wheels,  cross  t(iat 
line  obliquely,  so  as  to  be  of  a  screw-like  or  helical  form :  in  other 
words,  they  are  teeth  of  the  figure  of  short  portions  of  screuythreouis 
(Article  58,  page  3G) ;  the  trace  of  each  thread  on  a  plane  perpen- 
dicular to  the  axis  being  similar  to  that  of  a  stepped  tooth,  as 
shown  in  the  lower  part  of  fig.  108.  Fig.  108  a  shows  a  projection 
of  the  rim  of  a  wheel  with  helical  teeth  on  a  plane  parallel  to 
the  axis. 

In  order  that  a  pair  of  wheels  with  parallel  axes  and  helical 
teeth  may  gear  correctly  together,  the  teeth,  besides  being  of  the 
same  circular  pitch,  must  have  the  same  transverse  obliquity ;  and 
if  in  outside  gearing,  they  must  be  right-handed  on  one  whecd  and 
left-handed  on  the  otJier.  If  in  inside  gearing,  they  must  be  either 
right-handed  or  left-handed  on  Jx>th  wheels.  In  fig.  108  ▲  the 
teeth  are  left-handed.  In  wheel-work  of  this  kind  the  contact  of 
each  pair  of  teeth  commences  at  the  foremost  end  of  the  helical 
fronts,  and  terminates  at  the  aftermost  end ;  and  the  rims  of  the 
wheels  are  to  be  made  of  such  a  breadth  that  the  contact  of  one 
pair  of  teeth  shall  not  terminate  until  that  of  the  next  pair  has 
commenced. 

Helical  teeth  are  open  to  the  objection  that  they  exert  a  laterally 
oblique  pressure,  which  tends  to  increase  friction. 

When,  in  designing  a  skew-bevel  wheel,  a  portion  of  the  tangent 

iader  At  the  throat  of  the  byferboloid  (Article  106,  page  87; 


SCREW  AUD  HVT — SCREtr 


157 


i 


Article  85,  page  73)  is  used  as  an  approximation  to  the  true 

h-auriiice,  the  teeth  of  that  wheel  become  screw-threads,  haviog 

traoHvcrse  obliquity  determined  by  the  principles  of  Article  147, 

je  lo2;  and,  as  baa  been  fth-eady  stated  in  the  article  referred  to, 

;y  are  either  rightrhanded  or  left-hnnded  in  both  wheels. 

152.  Mrnw  BBd  itBi.— The  tigiire  of  a  tnte  screw,  external  or 

internal,  and  the  motion  of  a  screw  working  in  a  corresponding 

screw-shaped  bearieg,  have  been  described  in  Articles  57  to  GQ, 

pages  36  to  42.     In  the  elementary  combination  of  an  external  and 

internal  aerew,  more  commonly   called  u  Krew  and  nut,  the  two 

pieces  have  threads,  one  external  and  the  other  internal,  of  similar 

figures  Had  equal  dimensions,  so  as  to  lit  each  other  truly ;  and  one 

0f  them  turns  about  their  common  axis  without  translation,  while 

Kbe  other  slides  purallel  to  that  axis  without  rotation.    The  best 

^brm  of  section  for  the  threads  is  rectangular.      The  comparative 

tDotion  is,  that  the  sliding  piece  advances  through  a  distance  equal 

to  the  pitch  (viz.,  the  "  l^tU  axuU  pitch")  iluring  each  revolution  of 

the  turning  piece.     If  the  threads  are  |  "  ft!),     j^j    \  tl"!  sliding 

pieoe  b  made  to  move  towards  an  observer  at  one  end  of  the  axis 

''-'' i If ft-*lS? }  "t***"".  "^""i  *°  ■n"^^  fro™  ^^^  ^y{^u 

handed  I  '^*"'^'''''  "^  *'^^  turning  piece.  The  combination  belongs 
to  Mr.  Willis's  Class  A,  because  the  velocity- ratio  is  constant ;  and 
the  ext«nt  of  the  motion  is  limited  by  tiie  length  of  the  screw. 

163,  aenw  Wh««t-W*rk  !■  «l*»e»wL— Screw  wheel-work  consists 
of  wheels  with  cylindrical  pitch -surfaces,  having  screw-threads  or 
helicxi  t«etb  instead  of  ordinary  tevti,  One  case  of  screw-gearing 
)ias  bern  described  in  Article  151,  page  156 — viz.,  that  in  which 
»  are  parallel.  The  cases  to  which  this  and  the  following 
rekt«  are  thoee  in  which  the  axes  are  not  parallel;  so 
it  the  pitch-surfaces  in  an  elementary  combtnation  are  a  pair 
'lindrra  tonching  each  other  in  one  pitch-point,  like  those  repre- 
Article  85,  fig.  55,  page  73.  The  pitch-point  (0',  fig.  55) 
U  obviously  in  the  common  perpendicular  of  the  two  axes  (P  G', 
Hg.  55) ;  and  there  is  one  straight  lino  traveling  the  pitch-point 
(<>  C'.  fig.  55),  which  ia  a  tangent  at  once  to  the  two  pitch- 
irylinders  and  to  the  acting  surfaces  or  frunts  of  each  pair  of 
tfarrailii  at  the  instant  when  those  surCices  touch  each  other  at  the 
pitch-point :  that  straight  tine  may  be  called  the  liks  of  contact. 
The  angltt  o/inelination  of  the  screw-threads  to  the  two  axes  (see 
■.rticle  63,  page  40)  are  equal  resjiectively  to  the  angles  made  by 
of  contAct  with  those  axes.  The  pitch -circles  of  the  twu 
ire  the  two  circular  sections  of  the  pitch-cylinders  wUlcVx 
Uw  pitch-point     The  plajie  of  OONKEOTIOH,  OC  FL.kXS  OK. 
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AcnoN,  is  a  plane  traversing  ihe  pitch-point  normal  to  the  Hne  <^ 
contact :  that  plane,  of  course,  trayerses  the  common  perpendicular 
of  the  axes. 

When  the  line  of  contact  is  fonnd  by  the  role  given  in  Aiiide 
84,  page  71,  the  cylindrical  pitch-surfaces  represent  the  tangent- 
cylinders  at  the  throats  of  a  pair  of  hyperboloids;  and  the  screw- 
threads  are  approximations  to  the  skew-bevel  teeth  suited  for  that 
combination,  as  already  stated  in  Artide  151,  page  156.  But  in 
many  cases  the  line  of  contact  has  positions  greatly  differhig  from 
this;  and  then  the  comparative  motion  becomes  different  from  that 
of  a  pair  of  skew-bevel  wheels;  the  object  of  screw-gearing  in  such 
cases  being  to  obtain,  with  a  given  pair  of  cylindrical  pitch- 
surfaces,  a  velocity-ratio  of  rotation  independent  of  the  radii  of 
those  surfaces;  and  such  is  the  difference  between  apj^oximate 
skew-bevel  gearing  and  screw  gearing  in  general 

In  every  elementary  combination  in  screw  wheel-work,  each  of 
the  two  pieces  is  at  once  a  screw  and  a  wheel ;  but  it  is  customary, 
when  their  diameters  are  very  different,  to  call  that  which  has  the 
smaller  diameter  the  endless  screw,  or  worm,  and  that  which  has 
the  greater  diameter  the  worm-wheeu^  For  example,  in  fig.  Ill 
(farther  on)  a!  is  the  worm,  or  endless  screw,  and  A'  the  worm- 
wheel.  The  word  ^*  endless  ^  is  used  because  of  the  extent  of  the 
motion  being  unlimited. 

Screw  wheel-work  belongs  to  Mr.  "Willis's  Class  A,  the  velocity- 
ratio  being  constant 

The  following  are  the  general  principles  of  elementary  combina- 
tions in  screw  wheel-work : — 

I.  The  angular  velocities  of  the  two  screws  are  inversely,  and 
their  times  of  revolution  directly,  as  the  numbers  of  threads; 
whence  it  follows  that  the  angular  velocity-ratio  must  be  expressible 
in  whole  numbers,  as  in  the  case  of  ordinary  toothed  wheels. 

II.  The  divided  normal  pitch  (see  Article  66,  page  42),  as 
measured  on  the  pitch-cylinders,  must  be  the  same  in  two  screws 
that  gear  together. 

III.  The  eommon  eomponeiU  of  the  velocities  of  a  pair  of  points 
in  the  two  screws  at  the  instant  when  those  two  points  touch 
each  other  and  pass  the  pitch-point,  is  perpendicular  to  the  line  of 
contact  and  to  the  common  perpendicular  of  the  axes;  in  other 
words,  it  coincides  with  the  intersection  of  the  plane  of  connection 
and  the  common  tangent-plane  of  the  two  pitch-cylinders. 

rV.  The  circular  or  circumferential  piUhes  of  the  two  acrows 
(Article  42,  page  66),  as  measured  on  their  pitch-cyUnderSy  are 
proportional  to  the  total  velocities  of  points  (called  the  §urfiaee 
vel^citiei)  in  those  cylinders;  and  they  bear  the  same  proporikm  to 
the  divided  normal  pitch  that  those  total  velocitiet  bear  to  tlMir 
common  oompopeBl 
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'.  The  nlotKV  tnuuverse  hiding  of  a  pair  of  threada  that  tan  in 
•ctioo  takes  plaee  along  the  tine  of  coatact 

It  'wiU  be  iltown  in  the  next  article  that  for  a  given  pair  of 
Kxn  and  a  ^veo  angular  velocity-ratio  the  relutivu  tniuvetM 
ilidiD^  ia  least  when  the  pitch-cjiindera  are  the  tangent-cyUnde» 
■t  Ac  tkroata  of  a  pair  of  skew-berel  h  jperboloids. 

IH.  aonr  Wk«l-W*tk— Bate*  far  Vmrtas^In  figH.  109  and 
116  Ac  plane  of  pnjcction  is  inppoeod  to  be  the  comroon  tai)|{ent- 
|lHa«f  tlM  twopitdt-nbndns;  and  I  reprei^nU  the  pitch-point) 
vMift  it  ate  tho  tsaee  ud  projection  of  the  common  perpeudicnUr 
tf  Octveaica. 

iMi^nrf  Ik  t^titflkf  tm  TiiA-eftinden,  lo  Jmd  tkt  prcpor- 

ta«  i^tedBi  H^  ba  oiled  rcipeelivclj  A  and  a.  \ 

h  %  Joa^W  I A  ndl»nfnaaak  (ha  ptejaetiouariij 

AaiwvasH.     Alo^tk^fngcetiaiH  hyofflcMthalA,    I      t 

ad  fimmmm  h  &e  fcauiiiii  iavUA  aa  otaemr  moit 
b*  fci^  I  m  M^ttt^Ae  both  raWHoa  Mcm  T^it- 
^ifcd.  Dm  tfe  Kaiebt  Em  A  a,  ttdAn^ttatK 
■«  *»•  «M*  M«B9eij  rnMrtiaaal  to  (be  n£i  ct  tb» 
:«•  J  I  1  jT  I  I.  m  «A»  wm^  kt  B  awl  £  imot» 
-■a^  mm  «f  a«  rjfclFH  A  aBd  «  ■MMtiHy,  n  Art 
^      i  ■  ih  hMjifc  rf  tbn  raiMM  |iniMilifhi.  nr  Bii 
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Telocity-istio ;  and  this  ia  the  demon stratioii  of  tb«  stfttemeot  m 
the  preceding  article,  that  screws  which  coincide  approxtnutoly 
with  skew-bevel  wheels  give  the  least  possible  traosverse  elidia; 
of  the  threads  for  a  given  pair  of  axes  aad  a  given  velocitv-i»no 
(Ke  p>ge  159). 

The  proportionate  value  of  the  common  component  of  tie  tvt^aa 
velocities  may  be  represented  by  the  length  of  a  perpendicnlu  t« 
fall  from  either  V  orv  upon  I  K;  but  the  next  rule  gives  a  more 
convenient  way  of  representing  both  it  and  the  tranaverse  slidisj. 

II.  To  draw  the  line  ofconiact,  and  to  find  the  proportioiu  honit 
to  tke  wwrfaoe  vtlocities  bj/  Uieir  common  component,  and  by  lie  Croa*- 
vent  glidmg;  aiio  the proportitma  borne  to  eaek  other  by  the  eirndtr 
pitdut,  the  divided  axial  pilchet,  and  the  divided  nonnat  pilek. 


Fig.  110. 


In  Gg.  110  (as  in  fig.  109),  let  I  represent  the  pi tch -point,  ni 
I  A  and  I  a  the  projections  of  the  two  axes.  Pcrpendicolar  to  I A 
and  I  a  reapectivelj-,  draw  I  C  and  I  c,  of  the  proper  lengthy  add 
ia  Che  proper  directions,  to  represent  the  surface  velocitu*  fif  tb 
two  pitch <ylinders  at  t\tQ  '^mt  \\  ixxii  the  straight  lias  Ct, 
cutting  the  projections  ot  tiie  two  »«»>»■¥  uA^  v  "^ 
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and  npon  C  e  let  fall  the  perpendicular  I  N  (which  will  obvionsly 
b«  parallel  to  I  K  in  fig.  lOy).     Through  I  draw  TIT  [laraUel  to 

Then  TIT  will  be  (As  line  of  eonlact;  I  N  will  represent  the 
tonrmon  component  of  tlie  surface  veloeitiea  (and  will  also  be  the 
ti»ce  of  the  [jlane  of  connection) ;  C  e  will  represent  the  veloeUy  of 
(raiwverm  aliding;  and  the  proportions  of  the  several  divided 
pttcbes  will  be  as  followa: — 

I  C  :  circular  pitch  of  A. 
: :  I  c  :  circular  pitch  of  a. 
: :  I  F  :  divided  axial  pitch  of  A. 
:  :  Ip  :  divided  axial  pitch  of  a. 
:  :  I  N  ;  divided  normal  pitch  of  both  screws. 
The  figure  may  be  regarded  afl  part  of  the  devdopment  of  botli 
lenrwg  apon  the  comuion  tangent  plane  of  their  pitch -cylinders, 
(See  Article  63,  page  40.  As  to  Hacks,  sec  Addendum,  page  289,) 
The  abtolule  length*  of  the  circular  pitches  are  found  by  dividing 
the  pitcb-circlefl  into  suitable  numbers  of  equal  parts,  precisely  as  in 
Aec««eof  Hpnr-wheek  (see  Articles  113  to  121,  pages  103  to  114); 
tod  from  them,  by  the  aid  of  the  proportions  given  by  fig.  110,  the 
«heolat«  lengths  of  the  divided  axial  pitches  and  of  the  divided 
tonnal    pilch  are  easily  found-      For    the  total  axial   pitch  of 
either  screw,  multiply  ibe  divided  axial  pitch  by  the  number  of 

III.  TofindUieTadnofniTvatuTeoftheTWrmalaa-eiihliTiee.  The 
ooriual  helix,  or  normal  screw-line  (see  Article  65,  page  41),  of  each 
«f  the  two  acrews  touches  I  N  at  the  pitch-point  1 ;  and  the  plane 
«f  eonnection  of  which  I  N  is  the  trace  is  the  common  osculating 
I  |)laDe  of  the  two  normal  screw. lines  at  I.  Their  radii  of  cur\-Hture 
I  «t  that  point  both  coii)cide  with  the  common  perpendicular  of  the 
■XCB.  The  rale  for  finding  such  radii  (Articles  64  and  65,  page  41), 
when  applied  to  this  case,  takes  the  following  form : — On  I  C  lay 
off  I  B  to  represent  the  radins  of  the  pitch-cylinder  A ;  then 
pendicalar  to  I  C  draw  B  D  parallel  to  I  X  cutting  I  N  i 
then  perpeTidicular  to  I  N  draw  D  R,  cutting  1  C  in  R;  I  R  will 
be  ike  Adina  of  comitnre  of  the  normal  helix  of  the  screw  A. 
A  (imilar  construction,  substituting  small  for  capital  letters,  serves 
to  find  I  r,  the  radios  of  curvature  of  the  normal  helix  of  the 
Kev  a, 
Kg.  Ill  represents  two  projections  of  the  pilch-cylinders  of  a 
Lfiircf  icrewB  dedgned  by  the  rules  which  have  just  been  given, 
^ '  '  n  abo  the  beUcal  lines  in  which  the  Ironta  of  the  threads 
t  pitch-cylinders.  The  upper  [tart  of  the  figure  is  a  pro- 
I  on  the  plane  of  action,  whoso  trace,  in  fig.  110,  is  \  'S. 
f  •*  (1  the  txaamoD  peqieodicalar  of  the  two  Stxes,  ani  1  tXft 
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Batioa  of  ndii  and  line  of  centres, 

B  +  6  :  B  :6 
:  :     11     :  10    :1 
Both  Bcrevs  right-handed. 

^  the  following  process  threads  may  be  designed  for  any  gearing 
«raw,  so  that  they  shall  gear  correctly  with  threads  denigaed  on 
die  same  principle  for  any  other  screw  of  the  same  normal  pitch. 

Let  the  screw  to  be  pro¥ided  with  threads  be,  for  example,  the 
«rew  Aoffig.  111.  Draw,  by  Rule  ILL  of  Article  154,  page  161, 
the  oacnlating  circle,  &  I'  S,  of  its  normal  acrew-liue.  Lay  off  the 
normal  pitch  upon  that  osculating  circle,  and  design  the  figure  of  a 
tootii  and  two  half-spiices  of  that  pitch,  with  the  proper  addendum 
■nd  depth,  as  if  the  osculating  circle  were  the  pitch-circle  of  a  spur- 
wheel  ;  the  figure  so  drawn  will  be  the  normal  section  of  a  thread, 
being  the  tnuo  of  the  thread  upon  a  surface  which  cuts  it  at  right 
Uglea;  and  by  the  help  of  that  section  the  threads  may  be  made 
cf  iho  correct  figure. 

Tbe  nornwl  sections  of  the  acting  sur&ces  of  a  thread  may  be 
tithcr  involotM  of  circleH  (Articles  131*,  133,  pages  120  to  12S),  or 
■picycloid*  (Articles  13G  to  HO,  pages  130  to  137).  Ail  screws 
with  involute  thrtada  of  the  same  divided  normal  pitch  gear  correctly 
iDgethiT,  knd  may  be  said  to  belong  to  one  eel;  and  they  have  the 
amc  iiroperty  with  involute  toothed  wheels,  of  admitting  of  some 
alleniion  of  the  distance  between  the  axes.  All  screws  of  the 
mm9  divided  normal  pitch  having  epicycloldal  teeth  described  by 
tbe  BUDe  rolling  circle  gear  correctly  together,  and  may  be  said  to 
beloDg  to  atie  Ml. 

Thia  method  of  designing  the  threads  of  gearing  screws  is  believed 
to  be  now  published  tor  the  first  time. 

156.    rigMrta  »f  Tkmda  ^ralgacd  ■■  ■  PIbbb  Noma!  M  mat  Axli. 

— In  many  cases  which  occur  in  practice  the  bkcs  of  the  two 
•ci«ws  are  perpendicular  to  each  other  ;«o  that,  in  fig.  110,  page  160, 
A  I  P  and  alp  are  at  right  angles,  I  C  coincides  with  I  p,  and 
I  e  coincides  with  I  P;  and  therefore  the  divided  axial  pilch  of 
tidktr  «cmo  u  equal  to  tlie  ciTCuiar pilch  o/Uie  otlier.  In  snch  cases, 
aad  eapectally  where  the  diamet«rB  of  the  pitch 'C3rIinderH  are  very 
nneqaal,  so  that  the  larger  screw  is  called  a  umnn-ic/ieel,  and  the 
tinllrr  an  tndlai  tcrew,  it  is  oft«n  convenient  to  design  the  trace* 
of  the  threads  on  a  plane  normal  to  the  axis  of  the  worm-wheel, 
and  tfsvening  the  axis  of  the  endless  screw ;  and  then  it  is  evident 
(■«  Ur. Willis  appears  to  have  been  the  first  to  show)  that  if  the 
ttmccs  of  the  threads  of  the  worm-wheel  be  made  like  those  of  a 
qior^wbed  of  the  nme  radius  and  pitch,  and  thoao  of  the  threads 
01  the  Bcnw  like  the  traces  of  the  teeth  vt  a  laclc  suited  Ui  ^csx 
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I  lefl^hantl  division  of  tho  upper  i»rt  of  the  figure 
a  of  projectiou  is  uoi-mal  to  thu  ajiiii,  A',  of  the  worm- 
^MUtd  traverses  the  axis,  a'  a',  of  the  eudless  screw.  The 
JB  B  is  the  trace  of  the  pitch- cylinder  of  the  wheel;  the 
K  line  £  6  is  the  trace  uf  the  upper  side  of  the  pitch- 
jir  of  the  screw;  and  those  traces  touch  each  other  in  the 
Hnnt  I'.  The  threads  of  the  wheel,  and  those  at  the  upper 
Ellie  screw,  arc  shown  in  section ;  the  traces  of  the  threads  of 
nel  are  like  those  of  the  te«th  of  a  spnr-whecl  having  the  name 
p;  jutcb,  and  B  B  for  a  pitch-circle;  the  traces  of  the  threada 
iHRew  are  like  thoae  of  the  teeth  of  a  rack  suited  to  gear  with 
pg-wheel,  and  having  b  b  fur  its  pitch-line.  The  addendnm- 
^  £,  of  the  worm-wheel,  and  the  addendnm-liae,  e  e,  of  the 
f  screw,  are  drawn  as  for  a  spnr-wheel  and  rack.  The  lower 
r  tlie  threads  of  the  endless  screw  are  shown  in  projectiou. 
nple  given,  both  wheel  and  screw  have  rigbt-handcd 
|j  One  nainber  of  threads  of  the  screw  is  two;  of  the  wheel, 
w  ia  represented  as  driving  the  wheel.  The  rieht" 
a  of  tbe  iipper  part  of  the  figure  shows  the  wheel  in 
**  B  WBKw  in  projectioD;  and  the  plane  of  projection 
H  A*,  of  the  wheel,  and  ia  normal  to  the  axis,  a',  of 
■  ttc  fstd-pmnt. 

t  Ik  thnwk  of  tfe  wheel  in  tlte  IcA-hand  division 
\  of  the  igai»  a>e  inTolirtci  cf  a  cirde,  and  tboM 
iof  tlw  sdewara  aluii^t  linoL  That  ib^e,  a»  in 
^<tf  ^ar-whceit,  es*Mca  the  difiwe  between  the  axes  to 
■  ton  certain  extent  without  afleeting  the  aeennej  <rf  the 
hBik  anj  ihfBi  anted  far  (he  teeth  of  wbeeb  and  i^ks 

eafthea 
J  af  Oaend,  and  hnving  dM  trnecn  vt   i 
k  V  all  KfiKj^MJ^,  tOKad  hj  the  hok  nUtng  ode;  and 
^  T  tmmem  wavn  be  Mdc^  aQ  of  the  ane  <&nded  anal 
d  to  the  onahr  |iteh  <tf  the  vhHk  a4  ef  n  obGtini^ 
It  oT  the  ohli»|ei^  rf  A»  thwifa 


n«r  the  tekh,aeifceaeetoir 


^m^mmitikt^tAwil^^taaitafmgkamf 


!^  «hen  ihe  feaadpnl  rterf  if  •  dn&w  «M%  «r 
■»  ihe  pJt<h^  a^  cMt^  Ih*  tadt?  ^hK  •« 

mmm  .te*  m^ma,  lie   r     I        rf  ^A»  A  %■ 


JJACMtXERT. 


ir  will  gear  car 


with  that  Bpur-wheel,  the  worm-wheel  ai 

Fig.  112  represents  a  worm-wheel  and  eD<lle«s  screw. 

The  lower  part  of  the  figure  is  a  diagram  drawn  oa  the  on 

tangent  plane  of  the  pitch -cylinders.     I  ia  the  pitoh-point. 


the  divided  axial  pitch  of  the  endless  sci'ei 
meat  of  the  circular  pitch  of  the  worm-i 
ucial  pitch  of  the  worm-wheel,  being  alHO  the  development  a 
circnlar  pitch  of  the  endleas  screw.  I  N,  peq^ndicular  to  < 
the  development  of  the  dik'idcd  normal  pitch  of  both  ecrewvj 
Ce  ia  the  extent  of  transvenc  a\\d\n^  vluch  takee  place  wb^ 
mrc  equal  to  t^e  pitch  possm  the  ^WcV^S.'o.V 


S  wlBe  MeeTf'Baa  ^^ae  at  ih^ni^^r  ' 
shown  in  section ;  the  traces  of  the  threaae  of 
■1  are  like  those  of  the  t«eth  of  a  spur-wheel  huviag  the  same 
[Mtcb,  and  B  B  for  a  pitch-circle;  the  traces  of  the  tbreada 
www  are  like  those  of  the  teeth  of  a  rack  suited  to  gear  with 
r^irheel,  and  having  b  b  fur  its  pitch-line.     The  addendum- 

E,  of  the  worm-wheel,  and  the  addeudum-ljne,  ee,  of  the 
Mn«ir,  are  drawn  as  for  a  spvir-whecl  and  rack.     The  lower 

the  threads  of  the  endless  screw  are  shown  in  projection, 
example  given,  both  wheel  and  screw  have  right-handed 

the  number  of  threads  of  the  screw  ia  two;  of  the  wheel, 

the  screw  is  represented  as  driving  the  wheel.  The  rights 
TiBMMi  of  the  upper  part  of  the  figure  shows  the  wheel  in 
■nd  the  Bcrew  in  projection;  and  the  plane  of  projection 
■  the  axis.  A',  of  the  wheel,  and  is  noiinal  to  the  axia,  a',  of 
•w;  I'  ia  the  pitch-poinL 

Lnc«s  of  the  threads  of  the  wheel  in  the  left-hand  division 
Jipfcr  part  of  the  figure  are  invohil«a  of  a  circle,  and  those 
diRwla  of  the  screw  are  Etr^ight  lincK.  That  shape,  aa  in 
i  et  qMir-wbeeI<,  enablea  the  distance  between  the  axes  to 
sd  to  a  c«Ttaio  extent  withont  affecting  the  accuracy  of  the 
But  may  shapes  suited  for  the  teeth  of  wheels  and  racks 

Mt  of  wonn-wheela  be  made  of  the  same  circular  pitch  and 
isj  of  thicail,  and  having  the  traces  of  the  threads  all 
let  or  all  epicycloids,  ttacctl  by  the  same  rolling  circle;  and 
it  of  «n<IIes9  screws  be  made,  all  of  the  same  divided  axial 
■nal  to  the  circular  nitch  of  the  wheels,  and  of  an  obliaultr 
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with  that  ^nr- wheel,  the  worm-w-heel  and  screw  will  gear  comctljr 
together. 

Fig.  112  represents  a  worm-wheel  and  endless  screw. 

The  lower  part  of  the  figure  is  a  diagram  drawn  od  the  commoa 
tangent  plane  of  the  pitch-cylinders.     I  is  the  pitch-point;  I C  ia 


^ 


Rg.  Hi. 


the  divided  axial  pitoh  of  the  endless  sa-ew,  being  alao  the  ierAlp- 
meat  of  the  circular  pitch  of  the  worm-wheel;  I  e  ia  the  diriw 
■xial  pitch  of  the  worm-wheel,  heing  also  the  development  of  tie 
oircalar  pitch  of  the  endless  screw.  I  N,  perpendicular  to  C^ii 
the  development  of  the  divided  normal  pitch  of  both  screwa;  ud 
Ce  is  the  extent  of  transverse  sliding  wnich  takes  place  while  ■> 
Mre  eqaH  to  the  pitch  passes  the  pitch-point 
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In  the  left-hand  dirisioa  of  the  upper  part  of  the  figure 
the  plane  of  projection  is  normul  to  thu  axis,  A',  of  the  worm* 
wheel,  and  travei'ses  the  asia,  a'  a',  of  the  euiUeiia  screw.  The 
OTClo  B  B  is  the  trace  of  the  pitch -cylinder  of  the  wheel;  the 
MiNght  line  b  b  in  the  trace  of  the  upper  side  of  the  pitch- 
e^Undcr  of  the  screw,:  and  those  traces  touch  each  other  in  the 
pitch-point  I'.  The  threads  of  the  wheel,  and  those  at  the  upper 
ode  of  the  screw,  are  shown  in  section ;  the  traces  of  the  threads  of 
the  wheel  are  like  thoseof  the  teeth  of  a  spur-wheel  having  the  same 
circular  pitch,  and  B  B  for  a  pitch-circle;  the  tiiices  of  the  threads 
of  the  Bcrew  are  like  those  of  the  teeth  of  a  rack  suited  to  gear  with 
that  apnr-whccl,  and  having  b  b  for  Its  pitch-line.  The  addendum- 
cirde,  £  E,  of  the  worm-wheel,  and  the  addendum- line,  e  e,  of  the 
wtdlws  BCrew,  are  drawn  as  for  a  apur-wlieel  aud  rack.  The  lower 
nita  of  the  thniidH  of  the  endless  screw  are  shown  in  projection. 
Id  the  example  given,  both  wheel  and  screw  have  right-handed 
AicMla;  the  number  of  threadij  of  the  screw  is  two;  of  the  wheel, 
V>\  and  the  screw  is  repi-esented  as  driving  the  wheel.  The  right- 
band  division  of  the  upper  part  of  the  figure  shows  the  wheel  in 
■ction  and  the  screw  in  projection;  and  the  plane  of  projection 
tnrerwa  the  axis,  A",  of  the  wheel,  aud  is  uoimal  to  the  axis,  a",  of 
the  acrew;  1"  is  the  pitch-point 

The  tnces  of  the  threads  of  the  wheel  in  the  left-liand  division 
of  the  upper  part  of  the  figure  are  involutes  of  a  ciivle,  and  thoae 
T  the  thmda  of  the  screw  ure  Btr.tt<!ht  lines.  That  shape,  as  in 
,..  COM  of  apur-wheela,  enables  the  distance  between  the  axes  to 
■  vuicd  to  a  certain  extent  without  ailecting  the  accuracy  of  the 
.'ition.  But  any  shapes  suited  for  the  teetli  of  wheels  end  racks 
maj  be  euiployed. 

If  a  ttl  of  wonn-wbeels  be  made  of  the  same  circular  pitch  and 
obliquity  of  thread,  and  having  the  traces  of  the  threads  all 
inrolatca  or  all  epicycloida,  traced  by  the  same  rolling  circle;  and 
if  «  fct  of  endless  ncrews  be  made,  all  of  the  same  divided  axial 
jKtch,  equal  to  the  circular  pitch  of  the  wheels,  and  of  an  obliquity 
tA  threaul  raunl  to  the  complement  of  the  obliquity  of  the  threads 
of  U>B  wherls,  uud  having  the  traces  of  the  teeth,  as  the  case  may 
b«,  all  straight  lines  of  the  jjroper  obliquity,  or  all  epicycloids  traced 
\ij  Um  same  rolling  circle  that  is  used  to  trace  the  threads  of  the 
wbwla,  then  any  one  of  the  wheels  will  gear  correctly  with  any 
COM  of  the  screws. 

157.  <nH(-PiKiati  TaBs»i  flcrpwa.— In  many  cases  the  object  of 
■aw-gearing  is  not  the  economical  trunitmission  of  motive  power, 
but  the  prodnction  of  small  angular  niutions  with  great  accuracy : 
ai^  tor  ejtample,  when  the  princijial  wheel  of  a  dividing  eugine,  or 
thiu  of  a  machine  for  pitching  and  cutting  the  teeth  of  wheels,  or 
iIm  wbeol  or  sector  which  adjusts  the  direction  of  atcoke  ot  & 


I 
I 
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^nrtting  tool  in  a  sbaping  maddne,  k  drirea  bj  a  ^'taagent  wcimm  " 
gitoated  relatiyelj  to  the  whed  in  the  manner  alreadj  shown  in 
fig.  112.  In  snch  cases  the  screw  has  not  onlj  to  more  the  wheel 
into  any  required  position,  but  to  hold  it  there;  and  ^etefoie  it  is 
essential  that  there  should  be  no  baok-la^L  In  order  to  eoiare 
this,  together  with  the  requisite  precision  of  action,  an  exact  eopgr 
of  die  tangent-screw  is  made  of  steel,  the  edges  of  its  thread  are 
notched,  and  it  is  hardened,  so  that  it  becomes  a  cutting  tool :  it 
is  then  mounted  in  a  suitable  frame,  so  as  to  gear  with  the  roughly 
formed  teeth  or  threads  of  the  wheel,  and  turned  so  as  to  drire  then ; 
in  the  course  of  which  operation  it  cuts  them  to  the  proper  fignra 
The  axis  of  the  cutting  screw  is  placed  at  first  at  a  distenoe  firom 
the  axis  of  the  wheel  somewhat  greater  than  the  intended  per- 
manent distance ;  and  after  each  complete  rerolution  of  the  wheel 
the  axes  are  brought  a  little  nearer  together,  until  the  permaiMBt 
distance  is  attained;  and  by  turning  the  screw  in  this  last  poattioo 
the  shaping  of  the  teeth  or  wheel-threads  is  finished.  FrcNB  the 
property  of  threads  with  traces  similar  to  those  of  involute  teeth, 
which  has  already  been  mentioned  in  Article  156,  page  165,  it  is 
evident  that  this  class  of  figures  is  peculiarly  well  suited  to  caws 
in  which  the  taugent-screw  is  made  to  cut  the  wheel,  because  of 
the  gradual  diminution  of  the  distance  between  the  axes  whidi 
takes  place  during  the  process  of  cutting. 

158.  oitfiam'fe  c^apiteg.— A  coupling  is  a  mode  of  oonnecti^  a 
pair  of  shafts  so  that  they  shall  rotate  in  the  same  direction,  with 
the  same  mean  angular  velocity.  If  the  axes  of  the  shafts  are  in 
the  same  straight  Hue,  the  coupling  consists  in  so  connecting  tiiehr 
contiguous  ends  that  they  shall  rotate  as  one  piece;  But  if  the 

axes  are  not  in  the  same  straight  line^ 
combinations  of  mechanism  are  re- 
quired. Various  sorts  of  couplings  will 
be  described  and  compared  together  in 
a  later  division  of  this  treatise.  The 
present  Article  relates  to  a  coupling  ftr 
parallel  shafts,  invented  by  Oldbun, 
which  acts  by  sliding  contaet.  It  if 
represented  in  fig.  113.  Cj,  O^  are  the 
axes  of  the  two  parallel  shafts;  Dp  Uf, 
two  discs  facing  each  other,  fixed  ob 
the  ends  of  the  two  shafts  respeetmly; 
K  R,  a  bar  sliding  in  a  diametnl 
groove  in  the  fiice  of  D^;  E,  IL,  a  bar  sliding  in  a  diamelnl 
groove  in  the  face  of  D^ :  those  bars  are  fixed  together  at  A,  at 
right  angles  to  each  other,  so  as  to  form  a  rigid  cross.  The  angokr 
velocities  of  the  two  discs  and  of  the  cross  are  all  equal  at  efwr 
vtBtMnt;  the  middle  point  of  the  cross,  at  A,  revolves  in  the  dotM 


Fig.  lis. 


oldhah'b  oouPLma — fix  aks  slot. 


•  deaciibed  npon  the  line  of  oentree,  C,  Cj,  u  a  diunioliT,  twiuo 
far  cadi  turn  of  tbe  disCi  uid  eras;  the  inatunbiueouii  axu  of 
mtetion  of  the  cross  at  auy  inataut  is  at  I,  the  jKiint  in  tbe  oirole 
C^  Cj  djatnetnodly  oppoHite  to  A ;  and  e«ch  arm  of  the  crou  alidoa 
ia  ite  groove  through  a  distance  equal  to  twia  the  Itna  q/"  cmtnw 
daring  each  half  revolutioD,  or  twice  the  liuo  of  centres  and  Ixictc 
a^in — that  is,  four  times  the  lini;  of  centree — during  each  revohitioii. 
Oldhani's  coupling  betong»  to  Mr.  Willis's  Cliuu  A.  The  cnina 
^fy  be  MKDgthened  by  makiug  its  two  bars  take  the  form  of 
ptBjectittg  diametial  ridges  on  opposite  udes  of  a  third  oiroulsr 
Ak  Or  tbe  <ToaB  may  connist  of  two  grooves  iu  the  opposite  sides 
*/  aneh  a  disc,  and  ioAtcad  of  grooved  discs,  thi<  two  shafts  may 
^■17  am*  ban  fitting  ^e  grooves  of  the  cross. 

If9.  Vki  ^ad  iHiB%fci  Mm. — The  commUDication  of  n  uniform 
wrian^r^nttio  br  the  stidiug  contact  of  a  round  pin  witli  thu  sidm 
<f  ftdat  or  greofe  haa  already  been  described  in  Article  141,  ]>ago 
137.  A  «elM3lj-iatio  varying  in  any  manner  may  be  couimunicAlod 
ty  aiUMg  iba  dot  of  a  auitable  figure,  the  principle  of  the  oota- 
HaatiBm  beit^  that  the  line  of  connection  is  a  normal  to  the  coiitro 
Baa  ^  Ae  ili^  tiarerong  the  centre  line  of  the  pin.  The  pruseut 
Aftiria  rriaiga  to  cava  in  which  the  slot  ia  straight  and  tbo 
whriw  faik]  wiaUe.  Time  such  caaea  are  illuat»tvd  by  figs, 
Uir  lU,  tmd  lie,  fnitber  on.  Fig.  114  represents  a  coujilmg, 
'  '  '  iJ^M*.  Wmi^a  Class  B,  where  two  shafta  turn  about 
'  '  IB  with  equal  mean  angular  velooitiw, 

ir  Tdoolj'ntio  at  each  instant  is  variabla  Fig. 
-  --'  iw^n  a  oatak  *^raii>g  continuously  aboat  tJie  ana  A.  and 
'STjm^  a  fB,  C;  wUdk,  hj  meana  of  the  alot  F  0,  drives  a  lever 
*£^  n(±a  «  lihlii  aboot  tbe  axia  R  Fis.  116  iboars  a 
~«*  a^sMg  cHCMMMsly  about  tlie  axis  A.  and  eatrying  a  pin. 
rf  lb  dot  F  G  m  the  cn^had  of  tbe  rod  B, 


fHo^Mg  Afng  Botioa  to  A.!  ni.    Tba  lait  two 


Im  Jfii fir  de  jmimt  at  dwiiiriiMiig  frictMB  MM  «•• 

'ai^^^i  1  li^.kbMMltoMfcethcMlaMiaahwriiwtkh 
-— a  Ai  d«;  tM  Om  taA  »  >.»  .km  m  Uk  ban 

a»  f  Ti    »t  mt  a>  pjaopln  <iC  lb  • 

T-r  ir  ji».in>— i..ri,iimtt.fc„i„ 
■"—a^— r**  tt*cfM*ia,AC,i 

_y'A  "  ■I'  iiii.AC,tet»da.jiirriii^>.. 

?  v«««Bv;  »  Ai«  Ac  ^1^  ^d  Jill  111      .- 
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E  A  H  =  E  A  /*  =  the  complement  of  the  given  aagle,  and  Anv 
H  B  A  perpendicular  to  D  A  E  B  will  be  tlie  trace  of  the  »■ 
quired  asin. 

At  the  instant  when  the  centre  of  the  pin  is  at  H  or  t,  lb« 
angular  velocities  an  eqoil; 
aodAHB  =  AABiitt« 
given  angle  beforementioMd 

With  a  given  positioo,  C,  <f 
the  centre  of  the  pin,  to  find 
the  angular  vtloeity- ratio :~ 
From  C,  )>en>cDdicuUr  to  itie 
centre  line,  B  C.  of  tbe  ilol. 
draw  the  lint  of  connectiaii. 
C  I,  cutting  the  line  of  oentR) 
in  I ;  then 

Angular  velocity  of  B  _  AI 

Angular  velocity  of  A      B 1' 

or  otherwise:   draw  A  P  I«^ 

y  y'  allel  to  B  C  and  perpcii(licilir 

'-' '  to  C  I ;  then 

H.  Angular  velocity  of  B      A  P 

Angular  velocity  of  A      6(7 

values  of  this  ratio  occtif  nhen  the  [no  ii  tt 


{IV 


apectively;  and  they  are  aa  follows: — 
AE  AC 

BE      AC-AB' 
^D  _         AC 
31>  " 


Greatest, 


AC  +  AB 
The  iroxd  or  leii-jtii.  of  sliding  qflhepin  in  Hit  dot  is 
FG  =  BF-BG  =  BD-BE; 
and  this  takes  place  twice  in  each  revolution. 

11.  Vrank  and  SloUed  Lever  {&g.  115).— Aa  the  c»»Bk-«nn.  AC, 
in  fig.  115,  is  shorter  than  the  line  of  centres,  A  B,  the  dottiJ 
lever,  B  G  F,  has  a  reciprocating  or  rocfeiug  motion. 

With  a  given  line  of  centres,  A  B,  and  a  given i  mii  Jil^ 

or  angular  half-stroke  of  the  rocking  motion  of  the  lever,  A  BK 
=  A  B  *,  to  find  t}ie  length  of  erank-arm .—From  A  let  f^l  A  K 
peipendicnlar  to  B  K,  or  A  A-  peq^ndicnkr  to  B  i;  A  K  =  A  * 
Witt  be  the  required  crank-arm. 
Kund  i  will  be  the  two  dead  poiiOt;  ^^laA.S&^An.y.tbepi^lkM 
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of  the  oentn  of  the  pin  at  the  two  instants  -when  the  lever  Has  no 


vdocity.  having  just  ceaaed  to  move  i 
jnat  about  to  begin  to  move  in  the 
cf)posit«  direction. 

To  find  the  angular  vdoeity-raiio  at 
tke  inatant  when  the  centre  of  the  pin  is 
in  a  given  position,  C : — Vra.vi  the  coire- 
^noiding  {Hintion,  B  0  P,  of  the  centre 
line  of  the  ^lot,  and  perpendicular  to  it 
draw  C  I,  cutting  the  line  of  centrea  ia 
I,  them 

Angulnr  velocity  of  lever        A  I 


e  dii-ecCion,  and  being 


Angulur  veli>city  of 
To  find  the  ttuvel  of  tli 
liot,  Uy  off  B  G  =  B  E,  and  B*F 


Bt 


1  the 


ti  Slid  P  will  be  the  two  ends  of  the  i 
travel  of  the  centre  of  the  pin;  and  • 
FU=  DE  =  2A0wiUbethe  length  ■., 
of  travel.  \ 

III.  Vrani  and  Slot-fieaded  Sliding 
Sod  (fig.  1 1 6).— The  crank-arm,  A  C,  in 
tbia  case  is  to  be  mnde  equal  to  one-half  Elg.  Hi. 

of  the  intended  length  of  gtroke  of  the 

•liding  rod,  B.  Draw  the  circle  described  by  C,  the  centre  of  the 
ptD,  and  let  i  A  K  bo  the  diunieter  of  that  circle  which  ia  paislleL 
to  the  direction  of  motion  of 

the  rod;  then  K  and  i  will  Z^.. 

h«  the  dead  potjUt,  or  poai- 
tiona  of  the  centre  of  the  pin 
at  tlie  two  infltantM  when  the 
rud  baa  no  velocity.  To  find 
thri  vdocity-ratio  of  the  rod 
and  crank-pin  when  the 
centre  of  the  crank-pin  is  in 
a  givtFH  position,  C ;  perpen- 
dicular to  the  direction  of 
motion  of  the  rod  draw  the 
diamrter  DAE;  this  line 
will  correepond  to  the  line  of  centres  in  the  preceding  problems; 
then  through  C,  and  gierpendicular  to  the  centre-line,  F  G,  of  the 
■lot,  draw  the  tine  of  connection,  C  I,  cutting  D  A  £  in  I;  tba 


Fig.  lie. 


ipUowiiig  will  be  the  required  velocity-ratio: — 
^K  Telocity  of  rod,  B  A  I 


Velocity  ol  centre  of  pin,  C  ~  A  C 
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Tb»  agai  o/travd  of  tite pin  in  the  tia  iaP  G  =  DE  x:  3  AC 

160.  omh  Mid  wirtn  to  ecHnL— CaioB  atxl  wipcn  mi*  tkoM 
pTimary  pieces,  with  curved  acting  sarfaces,  wMch  work  in  diifia( 
contact  without  being  related  (o  imagiuarr  pttch-ciu&ra^  m  tb 
teeth  of  wheels  and  threads  of  screws  ara.  The  diatinctioa  bet^^a 
a  cam  and  a  wiper  is,  that  a  cam  in  moat  caaes  is  oonttBoow  ii  Ht 
action,  and  a  wiper  ia  always  intermittent;  but  a  wiper  ii  war- 
times called  a  cam  notwitbstJuiding.  A  cam  is  often  likeawa- 
circnlar  sector  or  wheel  in  appeannoe;  a  viper  is  ofioi  like  ■ 
solitary  tooth.     (As  to  "  rolliog  cams,"  see  Article  110,  pags  99.) 

The  solntions  of  all  problems  i-i'spcctiog  the  velocity -ratio  and 
directional  relation  in  the  action  of  cams  and  wipers  are  obtained 
by  properly  aj^lying  the  general  principle  of  Article  123,  page  lU 

In  most  cases  which  occur  in  practice,  the  condition  to  h) 
fulfilled  in  designing  a  cam  or  a  wiper  does  not  directly  involve  tiw 
veloci^-iatio,  but  aligns  a  certain  series  of  definite  pcdtioBi 
which  the  foUower  is  to  assume  when  the  driver  is  in  a  comtfoA 
ing  series  of  definite  positions.  Examples  of  suoh  pii>bleou  «iQ 
be  given  in  the  fullowing  ArticlesL. 

161.  Cas  with  c:r«Mv  and  Pia.— Throughout  the  present  Ajlitit 
it  will  be  supposed  that  the  acting  surface  of  the  follower,  whidi  i> 
to  be  driven  by  the  cam,  is  the  cylindrical  surface  of  a  pin.  It  it 
easy  to  see  that  without  in  any  respoct  altering  the  actioe.  » 
cylindrical  roller  turning  about  a  smaller  pin  may  be  mbstitatol 
for  a  pin  in  order  to  diminish  friction.  If  the  pin  is  to  be  tbivn- 
by  the  cam  in  one  direction  only,  being  made  to  rstum  at  tl' 
jjroper  time  by  the  force  of  gmvity  or  by  the  elasticity  of  acpnit;;. 
the  cam  may  have  only  one  acting  edge;  bat  if  the  pin  is  1«  be 
driven  back  as  well  as  forward  by  the  cam,  the  cam  must  have  two 
acting  edges,  with  the  pin  between  them,  so  as  to  form  a  grooyt 
or  a  slot  of  a  nniform  width  equal  to  the  diameter  of  the  pic, 
with  clearance  just  su6Scient  to  prevent  jamming  or  undue  frictioD. 
The  centre  of  the  pin  may  be  treated  as  practically  coinciding  •» 
all  times  with  the  centre-line  of  sucli  a  groove,  which  oeotre-lioe 
may  be  called  the  pilch-line  of  the  cam.  The  most  convenient  wij 
to  design  a  cam  is  usually  to  draw,  in  the  first  place,  its  pitoh-liM. 
and  then  to  lay  off  the  half-breadth  of  tJie  groove  on  l>otb  Hdeacf 
the  pitch-line.  When  one  acting  edge  only  is  reqnired,  it  ia  lo  bs 
laiil  off  on  one  aide  of  a  groove,  the  other  side  being  omitted. 

The  line  qf  eormeetion  at  any  instant  is  a  Etraight  line  doi^mI  M 
tfaepttch-line  at  tbo  centre  of  the  pin. 

The  aurfnce  in  which  the  groove  is  made  may  he  easier  »  phat 
or  a  giirface  of  revolution ;  a  plane  for  a  eatit-plate  which  aiAff 
tiimB  about  an  axis  normal  to  its  own  plane  or  slides  in  a  stndiU 
Jiaf,  and  acts  tipon  a  pin  whose  centre  moves  in  a  plane  panlU  to 
that  of  the  cam-plat*;  *.  wAid  rf  rOT^AuJca«i.\iBaM|.wa«K%B;liH4g| 
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e,  or  a  hyperboloIiJ,  for  r  cam  vbicli  turns  about  an  axis,  and 
*ets  on  B  pin  'whose  centre  has  a  reciprocatiDg  motion  in  a  straight 
line  coinciding  with  a  generating  line  of  the  surface  of  revolution. 

The  following  example  is  a  case  of  a  rotating  plane  cam,  giving 
motion  throDgh  a  pin  and  lover  to  a  rocldng  shaft  whose  axia  ia 
paisllel  to  the  axis  of  rotation  of  the  cam- 
In  fig.  117  the  plane  of  projection  ia  that  of  the  cam-plate,  and 
ii  normal  to  the  axes  of  the  cam  and  of  the  lever.     In  the  lower 
I  fart  of  the  figure,  A'  repreaents  the  trace  of  the  axis  of  the  rocking 


/7\- 
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BbaSt,  aad  C  tbe  trace  of  the  axis  of  the  cam,  so  thut  A'  C  it  tU 
line  of  centres.  The  direction  of  rotation  of  the  cam  ia  shown  bj' in 
arrow.  In  the  exumple,  the  direction  is  left-handed.  The  eiicokr 
arc,  0  6,  described  about  A'  with  the  THdios  A'  0,  is  the  path  to  be 
described  by  the  centre  of  the  pin ;  and  the  twelve  pointa  in  ibtt 
arc,  markeil  with  numbers  Irom  0  to  11,  are  twelve  poettiona  wfakk 
the  centre  of  tlie  i>in  ie  to  occupy  at  the  eud  of  twelve  eqoal  diTison 
of  a  revolution  of  the  cam.  It  is  required  to  find  the  form  of  At 
cani  which  will  produce  that  motion  iu  the  pin. 

In  the  upper  part  of  the  figure,  let  C  represent  the  axis  of  tht 
cam;  suppose  that  the  cam  is  fixed,  and  that  the  line  of  eentni, 
G  A,  rotates  about  C,  carrying  the  axis.  A,  of  the  rocking  shaft  tiotf 
with  it,  with  an  angular  velocity  eqnal  and  contrary  to  the  aciiiii 
angular  velocity  of  the  cam.  That  supposition  will  not  alter  tic 
relative  motions  of  the  working  pieces.  With  the  radios  C  A 
describe  a  circle  to  represent  the  supposed  path  of  A  relativelj  U 
G;  divide  its  circumferenee  into  twelve  equal  parts,  and  to  (be 
points  of  division  draw  radii,  G  Aq.  C  A^,  0  A»  Jtc.,  to  repwaat 
twelve  successive  iKwitions  of  the  line  ot  centres  relativelj  w  tk 
cam,  as  supposed  to  be  fixed.  Lay  off  the  angles  C  Ag  0,  C  A.  1, 
G  Aj  2,  &C.,  in  the  upper  part  of  the  figure  respectively,  equillo 
the  angles  C  A'  0,  G  A'  !,  C  A'  2,  Ac.,  in  the  lower  part  of  ihc 
figure ;  and  make  each  of  the  straight  lines  A^  0,  A,  1,  A,  S,  ic, 
equal  to  the  lever  arm  A'  0.  The  points  thus  found,  0,  1,  2.  it, 
will  be  points  in  the  pitch-line  of  the  cam,  and  a  cune  dnm 
through  them  will  be  the  required  pitch-line. 

About  each  of  the  points  0,  1,  3,  itc,  draw  a  circle  of  a  ndiv 
equal  to  that  of  the  ])in ;  a  pair  of  curves  touching  those  dtcla 
BO  as  to  be  jiantllel  to  the  pitch-line  will  mark  the  two  side*  ot  tb> 
groove,  without  allowance  for  clearance.  Clearance  may  be  jn* 
vided  either  by  slightly  diminishing  the  diameter  of  the  pin  or  bf 
slightly  increasing  the  width  of  the  groove.  If  tbe  lever  is  In  b> 
raised  by  the  cam,  but  brought  down  again  by  gravity,  the  outer  aidt 
of  the  groove  may  be  omitted,  and  the  cam  will  become  a  disc  boandtJ 
by  the  innermost  of  the  three  parallel  curves  shown  in  the  6gan. 

The  number  of  parts  into  which  the  revolutioa  of  the  cam  i> 
divided  may  be  made  more  or  le^  numerous  according  to  lit 
degree  of  precision  required. 

It  is  easy  to  see  how  a  similar  method  may  be  applied  to  th 
designing  of  a  cam-disc  which  shall  produce  a  given  motion  in* 
follower  whose  acting  surface  is  of  any  given  form.  A  6gan  »  H 
be  constructed  like  the  upper  pai-t  of  fig.  117,  on  the  rappostiM 
that  tlie  cam  is  fixed,  aod  that  the  frame  of  the  machine  rotaM 
about  the  uxis  of  the  cam  with  an  angular  velocity  equal  aad 
contrarj'  to  the  actual  angular  velocity  of  the  cam.  Then,  Jot  M 
the  pin  in  the  npper  jiart  of  fig.  117  is  drawn  in  iux        '       -'    " 


CAUa.  173 

0,  1,  2,  ix.,  the  trace  of  the  acting  surface  of  the  follower  is  to  be 
dnwn  in  its  several  successive  positiona;  and  a  line  touching  that 
tmce  in  all  its  poaitions  will  be  the  trace  of  the  required  cam-disc. 

The  d«ad  points  of  a  cam  are  the  points  in  its  pitch-line  which 
are  at  the  greatest  and  least  distuncea  from  its  axis.  In  the 
example  ^own  in  fig.  117  the  dead  points  are  0  and  6.  Whea 
the  eefitre  of  the  pin  ia  at  those  points  it  hiis  no  velocity.  Any 
part  of  the  pitch-line  which  is  an  arc  of  a  circle  about  0 
correspoQiIs  to  a  pause  in  the  motion  of  the  piu . 

162.  DiawiHB  ■  t:«n  br  ClrcnUr  Am.— In  many  cases  in  which 
ouns  have  to  be  designed,  the  dead  points  alone  are  given  by  thecondi- 
tioDB  of  the  problem,  leaving  the  parts  of  the  pitch-line  between  those 

iDts  to  bo  drawn  semi-ding  to  convenieace.  For  example,in  fig.  1 1 8, 
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C  ia  the  a^  <£  the  cam,  and  A  and  B  are  dettd  poin 

C  B  and  C  A  are  respectively  tiie  least  and  graateat  n 
fiom  the  axia  to  the  pitch-line;  and  the  pitch-line  at  A  a 
is  normal  to  those  radii  respectively.     The  intermediate  a 
the  pitch'line  are  to  be  di^wn  of  anjr  convenient  (orui,  no 
trai'erse  A  and  B,  and  be  nonnal  to  C  A  aad  C  B 

The  easiest  way  to  draw  such  curves  ia  by  means  of  am  rf 
circles. 

The  simplest  case  is  when  C  A  and  C  B  are  psrts  of  one  attaWri 
line.  The  reqaired  pitch-line  b  then  an  sooentru;  cinU,  deHRM 
upon  the  straight  line  A  C  B  aa  a  diameter. 

Whea  C  A  and  C  B,  as  in  the  figure,  are  not  parte  of  «M 
stiaight  line,  the  following  method  may  be  used,  beii^  an  extflwai 
of  Kitle  rV.  of  Article  79,  page  til,  and  having  the  effect  of  giviag 
a  pitch-line  made  up  of  four  circular  arcs,  whose  radii  deviate  lea 
from  equality  than  those  of  any  other  combination  of  four  eirealar 
arcs  which  would  answer  the  same  purpose. 

From  A  and  B,  perpendicular  to  A  C  and  B  C  respectively, 
draw  A  D  and  B  D,  cutting  each  other  in  D.  These  will  bo 
tangents  to  tlie  required  pitch-line.  Join  C  D;  bisect  it  in  E;  and 
about  E,  with  the  radius  E  C  =  E  D,  describe  a  circle  which  >ilt 
traverse  the  four  points  A,  C,  B,  D.  Bisect  the  are  A  C  B  in  G. 
About  G,  with  the  radius  G  A  =  G  B,  describe  a  circle ;  and  diaw 
the  straight  line  D  H  G  I.  cutting  that  circle  in  H  and  I.  Throogb 
the  points  H  and  I,  and  parallel  to  D  C,  draw  the  straight  lincf 
H  Q  and  I  P,  cutting  the  circle  A  I  B  H  in  P  and  Q  (the  Bwb 
of  one  diameter),  and  cutting  also  the  straight  line  C  B  in  H  and 
L,  aud  the  straight  line  A  C  produced  in  N  and  K.  Then  dn* 
four  circular  arcs,  as  follows : — 

The  arc  A  P,  described  about  the  point  K, 
.,       PB.  .>  .,  U 

,.       B  Q.  .,  „  M, 

.-       QA.  „  „  N; 

and  those  arcs  will  make  up  a  pitoh-Iine  having  C  B  and  C  A  In 
its  greatest  and  least  distances  from  the  asia  0,  as  reqnitvd;  Uil 
also  having  its  radii  of  curvature  \tsa  unequal  than  is  poastUe  wiA 
auy  other  combination  of  four  circular  arcs,  and  no  more,  folfiUil^ 
the  required  conditions. 

\Vhcn  a  cam  is  to  have  more  than  two  dead  points,  otch  pur«l 
adjacent  dead  points  are  to  be  connected  with  each  otiter  by  Meaai 
of  two  circular  arcs,  drawn  according  to  Rule  IV.  of  Aitide  7% 
pages  61  and  G2,  fig.  48. 

163.    MmmjtvUfi  Cbb*)   mptwwl  asd  CsHitel  CWM.— WbcB  tlN 

complete  series  of  movement  of  «  ^i:ok  \ha.t  is  to  be  driven  hj  a 
cun  exteada  over  more  ihan  one  Tn^cibvVkn.  <A  "ikwi  gwa^Hi  w> 


i  of  a  kiud  that  maj 
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MHS  is  wliiclt  the  re<]uireil  result  may  be  effected  by  nwana  of  a 

(raove  IB  a  cun-i^tB  hariug  a  pitch-line  of  more  thaa  oim  ooil; 

but  difficulties  in  workiog  may  arise  from  the  fact  that  the  coila  of 

the  groove  must  iutenect  each  other.     There  are  other  cases  in 

which  the  motion  required  in  the  follower  i 

be  pmdnced  bv  means  of  a  spiml  cam, 

■Qch  aa  that  eliowu  in  fig,   119.     The 

upper  part  of  the  figttre  is  a  projection 

un  a   plane  normal  to  the  axis;   the 

lover  part,  a  projection  on  &  plai 

rarallcl    to  the  axis.      A    A'    is   t1 

row  of   an    axial  / 

o  the  a^iial  pitch  I 

rew,  restiag  in  a  \ 
of  the   bearings : 


^inl   am;   B, 
pitch  exactly  equal 
of  the  cam.     This  i 
fised  nut,  forms  on 
of     the     cam-shaft, 
(hafl   and    cam    together  to  advance 
ilotig    tht>    axis    at    each    revolotion 
throogh  a  distance  equal  to  the  piti;h, 
^lu     bringing     a    new    coil    of    the 
cam    into  action.     The  cam,  A,  may 
atsr>  bo  made  with  a  continuous  con- 
oidal  sar&cc,  of  which  different  iwirts 
uv  brodght  into  action  at  each  revolu- 
tion   by   the  advance  catiFed    by  the 
icrew  Bl     It  is  evident  that  in  spiral 
and  conoidal  came  the  extent  of  the 
motion  u  limited. 

161.    WIrm    ■■<    Panna  —  EKorc- 

H^ — In  fig.    120  a  shafl    rotating 
■bout  the  axia  A  is  provided  with  one 
or   nore  aolitary  teeth  called  wipwa, 
aacfa  aa  £L     The  action  of  the  wipers  u]>ou 
the  piece  that  they  di 


Fig.  119. 


J  projecting  parts  of 
which,  for  the  sake  of  a  general  term, 

?'bo  called  pallks)  may  be  cither  inlermiltent  or  reciprocating. 
Am  aa  example  of  iattermilient  action,  one  of  the  wipets  re[»»- 
■ntad  ID  fig.  120,  in  moving  from  the  position  U  to  the  poattioa 
1^  M  nppaaed  to  have  driven  before  it  a  pallet  from  the  poaitioa 
O  to  the  position  F.  The  pallet  projects  from  a  vertical  sliding 
bar,  or  tiamper,  C, 

BBia  theaddendnm-circleof  the  wipera,  and  DD  theaddendunv- 
tiB9  tit  the  palleta.  Those  lines  cut  each  other  at  the  point  q/* 
meap*,  B;  and  jnat  at  that  point  the  pallet  eaeapv  from  the  wiper, 
and  the  ttunpM-,  with  its  pullet,  falls  back  to  ita  original  puaitii 
«nd  i»  ready  to  be  lifted  again  by  the  next  wiper. 

Tha  aUunper  md  ])allet  referred  to  in  this  caae  art  shad«d. 
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n.  Aa  an  example  of  neiproealmg  action,  the  aliding  bar,  C,  at 
the  piecedii^  example  ia  supposed  to  haTe  attached  to  it  a  fruM^ 


Fig.  1!0. 

0  e  e,  at  the  opposite  dde  of  which  is  another  pallet,  g;  and  tUi 
pallet  u  80  placed  that  immediately  after  the  escape  of  the  fomMr 
pallet,  F,  from  the  wiper  at  E,  another  wiper  at  h  begins  to  aot 
npon  the  pallet  g,  and  so  to  produce  the  rdum  gtroie  of  the  fraiac^ 
C  e  e  c;  The  point,  e,  where  the  addendum-line,  dd,oS  the  palU 
g  cuts  the  addendom-circle,  B  B,  of  the  wipers,  is  the  pond  of 
tteape  of  the  second  pallet  (whose  position  at  the  instant  of  eseape 
iamarked/);  and  immediately  afterwards  a  third  wiper,  aninnf 
at  the  poaition  H,  b^ins  to  produce  a  new  forward  stroke. 

The  imgth  qftlnke  is  tepreaented  in  the  figure  by  F  O  */f^ 
'"  is  erident  t&at  the  nnmber  of  wipeim  must  be  odd. 
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Tha  is  the  combination  already  rcfen-cd  to  in  Article  143,  page 
III.  It  belongB  to  a.  class  ol'  contrivances  called  eaeapenientg, 
becsnae  of  the  etcape  of  the  follower  from  the  action  of  the  driver 
at  certain  instants.  There  are  many  esuapemeuts  which  do  not 
belong  to  the  subject  of  pure  mechanism ;  and  nmongst  these  are 
found  most  of  the  escapementa  that  are  used  in  clocks  and  watches, 
as  being  veil  suited  to  the  regulation  of  thoFie  muchines ;  foi*  iu  auch 
tscapementa  the  driver  and  follower  are  disconnected  from  each 
other  during  the  greater  part  of  the  movement.  Only  two  mom 
esc3|ipmeiit!),  therefore,  will  be  described  here. 

III.  Anchor  Eecoil  £scapeniejU.—T\iia  escapement,  thongt  not 
well  anitcd  to  the  exact  keeping  of  time,  is  used  in  old  clockwork. 
It  is  aluo  used  in  vertical  roasting  jacks.  The  driver  is  a  wheel 
taHed  the  tcape  vhM,  and  the  trace  of  ita  axis  la  represented  by 
the  point  A,  fig.  121,     E  I  F  ia  its  pitch-circle,  cutting  the  line 


Fig.  121. 


oTciratna,  A  B,  in  L  V  T  is  ils  ftddendum-cli-cle.  In  the  figure 
tbp  tMtli  aT«  rc|ireaented  as  cylindrical  pins;  in  any  case  their 
xting  rariaccs  may  be  regarded  as  parts  of  cylinders,  which,  if  the 
tfctb  are  iibRrp- pointed,  am  of  insensible  diameter.  The  arrow 
»««■  I  *ko-wt  the  direction  of  rotation  of  the  wheel.  The  point  B 
b  Um  tnoe  of  the  axis  of  the  verge,  or  rockbg  shaft,  to  which  a 
rmpromtlng  moTomenl  is  to  be  given  through  the  alternate  action 
of  tb«  tMth  on  the  jMlletf,  R  8  and  T  U,  which  are  fbe  wiCwvf, 
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soifaces  of  the  endchf  S  B  T  XT.  At  the  instant  roproaentDd  in 
the  figure,  the  crutch  is  at  the  middle  of  its  swing,  and  in  the  act 
of  moving  towards  the  left,  through  the  action  of  the  todth  E  on 
the  pallet  It  S.  The  swing  of  the  cratch  takes  place  whfle  the 
-wheel  moves  through  half  the  pitch;  at  the  end  of  which  interval 
the  tooth  E  and  pallet  B  S  escape  from  each  other,  and  another 
tooth  begins  to  act  on  the  pallet  T  XT,  so  as  to  make  the  crotch 
swing  towards  the  right,  and  so  on  alternately.  The  dotted  circle 
at  F  represents  a  tooth  in  the  act  of  driving  the  pallet  T  JJ„ut  the 
middle  of  the  swing,  towards  the  right 

To  design  the  figures  of  the  pallets^  a  method  is  to  be  employed 
analogous  to  that  described  in  Article  161,  page  172;  that  is  to  say, 
the  crutch  is  to  be  supposed  fixed,  and  the  line  of  centres,  B  A,  is 
to  be  supposed  to  swing  to  and  fro  about  the  axis  B^  eanrfing 
with  it  the  axis  A,  through  an  angle  equal  to  the  ang^e  through 
which  the  crutch  is  actually  to  swing. 

Lay  off  the  angles  A  B  C  =  ABD  =  the  semi-amplUude,  or 
half  angle  of  swing;  and  make  BC  =  BD  =  BA.  Then  C  and 
D  are  the  two  extreme  positions  of  the  axis  A  in  its  supposed 
swinging  motion.  With  a  radius  equal  to  that  of  the  pitch-circle, 
draw  the  arcs  M  N  about  C,  and  P  Q  about  D;  and  with  a 
radius  equal  to  that  of  the  addendum-circle,  draw  the  arcs  m  n 
about  C,  and  p  q  about  D.  From  the  point  I  lay  off  upon  the 
pitch-circle  the  arcs  I  E  =  I  F  =  an  odd  nuTnber  of  timet  the 
quarter-pitch;  so  that  E  I  F  shall  be  an  odd  number  of  half 
pitches.  The  points  £  and  F  should  be  as  near  as  practicable  to 
the  points  where  two  straight  lines  from  B  touch  the  pitch-circle. 
About  E  and  F  draw  circles  to  represent  the  traces  of  the  acting 
surfaces  of  the  pins  or  teeth.  Lay  off,  on  the  pitch-cirdc,  the  arcs 
E  G  =  F  K  =  the  quarter-pitch,  with  the  radius  of  the  actijig 
surface  of  a  tooth  deducted :  this  deduction  is  to  ensure  that  between 
the  escape  of  a  tootli  from  one  pallet  and  the  commencement  of  the 
action  of  another  tooth  on  the  opposite  pallet  there  shall  be  an 
interval  sufficient  to  enable  the  tooth  that  has  just  escaped  to  move 
dear  of  the  pallet  which  it  has  quitted. 

About  the  centre  B,  through  the  point  G,  draw  the  circular  are 
M  G  N,  cutting  the  arc  M  N,  already  described  about  C,  in 
the  points  M  and  N.  About  the  centre  B,  through  the  point 
K,  draw  the  circular  arc  P  K  Q,  cutting  the  arc  P  Q«  already 
described  about  D,  in  the  points  P  and  Q.  Through  M,  E,  and 
Q  draw  a  continuous  curve ;  this  will  be  the  pitch-line  of  the 
pallet  B  S.  Through  N,  F  and  P  draw  a  continnoos  carre: 
this  wUl  be  the  pitch-line  of  the  pallet  T  XT.  Then,  parmllel  t» 
those  pitch-lines  respectively,  and  at  a  distance  from  uem  9imli 
to  the  radius  of  the  acting  surface  of  a  tooth,  draw  the  traosi^  R  S 
MDd  T  U,  o£  the  acting  surfaces  of  the  pallets. 
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The  fMninta  of  the  pallets,  al  S  and  U,«f<tofeait<4*o»  ■•( 
to  project  vitkin  the  circles  q  p  and  n  m  ntpeetmlj.  n*  bacM 
of  the  backs  of  the  palleU,  SWaadi;X,w«toW  hb^k  Mt» 
described  about  B. 

IV.  Bead-beat  Etcapement—lD  the  dead-bott  iisi^ft  tin 
cratch  swings  each  wity  through  an  an  of  tadefiadtc  eitnl,  is 
addition  to  that  through  which  it  is  driven  hf  tbc  actMK  «(  Am 
teetb  of  tixe  seape  wht-el ;  and  the  ecspe  whed  i»  made  ts  f— t  m 
ita  motion  daring  each  such  additional  swieg,  bf  h 
agunat  pulB  of  the  pallets  vhoae  snc&ces  aiB  ^Ui 
ijgout  the  axis  of  the  Teige.  The  tnioes  <f  tbeae  nmj  be  c 
the  deatl  arce  of  the  piillets.  The  Rcoil  eaeapwent  J>u»n  nfifr 
121,  ma;  be  conveited  into  a  dead-beat  eacapemeiit,  a*  IbUovi: — 
About  B,  with  a  radius  equal  to  B  H  added  to  tbe  mbM  of  tbe 
acting  Burface  of  a  tooth,  draw  the  citvnlar  aie  BY;  andalM 
•boat  B,  with  a  radius  equal  to  B  P,  deducting  the  nulina  at  tka 
Hllbig  snrfacc  of  a  tooth,  draw  the  circular  arc  T  Z :  tboae  twm 
Hjto  will  be  the  required  dead  arcs  of  the  palleta. 
BjlaonleT  tliat  a  dead-beat  escaperacut  may  go  on  working,  thvn 
■Mt  be  a  force,  such  as  gnvity  or  the  eUsticity  of  a  sfiring, 
MntinQall;  tending  to  bring  the  crutch  to  its  middle  poatiixi,  at 
atkd  near  which  tlie  jiallets  are  driven  bj  the  teeUi  -  benee  ite 
principles  are  to  a  certiiiii  extent  beyond  the  province  of  fnra 


la  the  dead-beat  escapements  of  accurate  docks,  the  aa^ 
tbtnngh  which  the  crutch  swings  is  very  small,  and  the  aagla 
IhroMgh  which  the  teeth  act  on  the  pallets  is  still  smaller;  to  tMt 
in  fig.  121  thoae  angles  may  be  looked  npon  as  greatly  exaggeratMl, 
ftr  tfie  sake  ol  distinctly  showing  the  geometrioal  pnnciplea  fl( 
tko  canbiiMtian. 

Sechosj  V.  —  Connection  by  Bands. 

IS5.  ■•>*  -»■  F-ihT.  ci»«.d.  {A.  M.,  4T8.)_The  word 
Umd»  may  be  nsed  as  a  gcnera.1  terra  to  denote  all  kinds  rf 
flexible  connecting  pieces;  and  the  word  ptiHnnjf,  when  not  other- 
"1—  qualified,  to  denote  uU  kinds  of  rotating  pieces  which  are 
led  with  (rach  other  by  means  of  bands.      Bunds  roay  bo 

in  the  foUowing  manner ;  wbich  also  involves  a  classificatioa 

of  (be  palkrs  to  which  the  bands  are  suited ; — 

I.  £dU.  'which  are  made  of  leather,  gntta  perdia,  woven  fiibries, 
Ac^  tue  bt  and  thin,  and  require  nearly  cylindrical  puUcys  with 
^■Mtl*  swrfar*^  A  belt  tends  to  move  towards  that  part  of  a 
-allay  vb«ae  ndius  is  greatest  Pulleys  for  belts,  therefore,  are 
SSttr  vvril^  »  ^o  nid'Ue,  in  order  that  the  belt  may  remiiin 
tm^S  ■■Tkj  Tf*— *  lOTcibly  shifted,  and  ore  in  general  withoot 


180  GEOMETRY  OF  MACHINBRT. 

ledges.  A  belt  when  in  motion  is  shifted  off  a  pnllej,  or  from  one 
pulley  on  to  another  of  equal  size  alongside  of  it,  by  pressing  against 
the  *'  advancing  side"  of  the  belt;  that  is,  that  part  of  the  belt 
"which  is  moving  towards  the  pulley.  Amongst  belts  may  be 
classed,/^  ropes. 

II.  Cords,  made  of  catgut,  leather,  hempen  or  other  fibres,  or 
wire,  are  nearly  cylindrical  in  section,  and  require  either  drums 
with  ledges,  or  grooved  pulleys. 

III.  Chains,  which  are  composed  of  links  or  bahi  jointed  together, 
require  wheels  or  drums,  grooved,  notched,  and  toothed,  so  as  to 
fit  the  links  of  the  chains.  Chains  suited  for  this  purpose  are 
called  gearing  chains. 

Bands  for  communicating  motion  of  indefinite  extent  are  endless. 

Bands  for  communicating  reciprocating  motion  have  usually  their 

ends  made  fast  to  the  pulleys  or  drums  which  they  connect,  and 

which,  when  the  extent  of  motion  is  less  than  a  revolution,  may  be 

sectors. 

166.  Principles  •€  Cmmn^eAmn  bf  Baads.— The  line  of  eOfnnedwn 
oi  a  pair  of  pulleys  connected  by  means  of  a  band  is  the  central 
line  or  axis  of  that  part  of  the  band  whose  tension  transmits  the 
motion. 

The  pitch-surface  of  a  pulley  over  which  a  band  passes  is  the 
surface  to  which  the  line  of  connection  is  always  a  tangent;  that  ib 
to  say,  an  imaginary  surface  whose  distance  from  all  parts  of  the 
acting  surface  of  the  pulley  that  the  band  touches  is  equal  to  the 
distance  from  the  acting  surface  of  the  band  to  its  centre  line. 
The  pitch-surface  of  a  pulley  cannot  be  anywhere  concave;  for 
where  the  acting  surface  is  concave,  the  band  stretches  in  a 
straight  line  across  the  hollow,  and  the  pitch-surface  is  plane. 
In  ordinary  pulleys  for  communicating  a  constant  velocity-ratio 
the  pitch-surface  is  a  circular  cylinder;  and  its  radius  (called  the 
effective  radius)  is  equal  to  the  real  radius  of  the  pulley  added  to 
half  the  thickness  of  the  band. 

The  pitch-line  of  a  pulley  is  the  line  on  its  pitch-surface  in  whidi 
the  centre-line  lies  of  that  part  of  the  band  which  touches  the 
pulley.  The  line  of  connection  is  a  tangent  to  the  pitch-line. 
When  the  line  of  connection  is  in  a  plane  perpendicular  to  the  axis 
of  tho  pulley,  the  pitch-line  is  the  trace  of  the  pitch-sur&oe  oa 
that  plane:  for  example,  the  circular  section  of  a  cylindiioal 
pulley.  When  the  line  of  connection  is  oblique  to  the  axie^  the 
pitch-line  is  helical,  or  screw-lika 

Problems  respecting  the  comparative  motion  of  pieces  conneeted 
by  bands  are  solved  by  applying  the  principles  of  Article  91,  page 
78,  taking  A  B  in  fig.  66  of  that  Article  to  represent  the  oentro 
line  of  that  part  of  the  band  whose  tension  transmits  the  motioii, 
^od  A  A'  and  B  B'  to  represent  the  common  perpendicalan  from 
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fEuutw  to  the  axes  of  tbe  [itilleys.  When  the  pitch-surfaces  of 
the  pulleys  are  circular  cjliiidera,  A  A'  auil  B  B  represent  their 
effective  radii  Bule  II.  of  Article  91  shows  how  to  find  the 
ftiigular  velocity-ratio  of  two  pulleys  whose  proportionate  dimeo- 
Bona  are  given.  Tbe  following  is  the  convenMi  rule  for  finding  tha 
proportionate  radii  of  two  pulleys  which  are  to  transniit.  a  given 
uigular  velocity-ratio.  In  tig.  58,  f  age  78,  draw  A  a  to  represent 
the  projection  uf  the  axia  of  one  pulley  upon  a.  plane  parallel  to 
that  axis  traversing  the  line  of  connection,  A  B ;  and  dmw  B  J  to 
repreecnt  a  Eimllar  projection  of  the  axis  of  the  other  pulley.  Lay 
oiT  the  distances  A  a  anil  B  Hi  to  opposite  sides  of  A  B,  to  represent 
the  ititended  angular  velocities  of  the  two  pulleys.  Draw  A  c  and 
Brf  perpendicular  to  AB;  and  draw  ueand  6rf  parallel  to  A  E, 
cnttiag  A  c  (Uid  B  (/  in  c  and  d  respectively.  Then  the  lengths 
A  c  and  B  d  will  represent  the  component  angular  velocities  of  the 
pulleys  about  axes  perpendicular  to  the  line  of  connection,  A  B. 
(la  uioBt  cases  which  occur  in  practice,  both  the  axes  lie  in  planes 
perpendicnlar  to  the  line  of  connection;  and  then  A  a  and  Bb 
ooiiKido  with  A  c  and  B  d  reepectively.) 

Dnw  the  atmight  line  c  d,  cutting  the  line  of  connection,  A  B,  in 
S.    Then  we  have  the  proportion 

B  K  1  A  K 

:  :  effective  radiiia  of  A  :  clfeclivc  radius  of  B; 

ud  if  one  of  those  radii — for  example,  that  of  A — is  given,  the 
«b«r  is  found  as  follows ; — From  A  lay  off  A  1  =  B  K  (or  other- 
•nm.  from  B  lay  off  B  I  =  A  K).  Perpend icular  to  A  B  draw  A  A' 
ud  fi  B  ;  lay  off  A  A'  =  the  given  radius  of  the  pulley  A,  and  draw 
the  shaight  line  A  I  B,  cutting  B  B'  in  B';  B  B'  wiU  be  the 
ttqoired  n>diiis  of  B. 

In  tbe  ordinary  case,  in  which  both  axes  lie  in  pUnes  perpen- 
dicular to  the  line  of  connection,  it  is  evident  that  tlie  velocities  of 
■  pair  of  circular  pulleys  are  inveri^y  at  llielr  effedi-ee  radii. 

It  ii  to  be  borne  in  mind  that,  especially  as  regards  cases  in  which 
the  axed  do  not  both  lie  in  planes  perpendicular  U>  the  line  of 
nHUiection,  everything  stated  in  the  present  Article  is  based  OH 
Um  rappoftition  that  Iht  hand  is  perf&My  JltxihU  in  all  directiont. 
In  the  case  of  flat  belta  connecting  pulleys  whose  axes  are  not  both 
in  planea  perpendicular  to  the  line  of  connection,  there  are  certain 
«8iMt«  of  the  lateral  stilfne^  of  the  belt  which  will  be  considered 

The  tdadty  of  Ote  band  is  equal  to  that  of  a  point  revolving  at 
tW  md  of  the  rndius  A  A,  tig.  58,  page  78,  with  the  angular 
idacrtj  rvpre»enled  by  A  c,  und  ulao  to  that  of  a  point  revolving 
U  the  end  *>f  the  radius  B  B*,  with  tbe  angular  velocity  regreteUtK^^ 
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hyBd.  When  a  baDd  connects  a  pulley  wth  »  aliding  f 
comparative  motinii  is  given  bj  Rule  IlL  of  Article  91,  page  li 
Smooth  bands,  such  as  bults  and  cords,  are  not  suited  to  g 
municate  a  velocify-ratio  wi'/A  ;/reci»ion,  »i  t^eth  are,  1 
their  being  tree  to  slip  on  the  pulleys;  but  the  freedom  In  bI^b 
advantageous  in  swift  and  powerful  machinery,  bacftnaa  of  hi 
preventing  the  shocks  which  take  place  when  mechanism  whid  ii 
at  rest  is  suddenly  l/irown  into  gear,  or  put  in  connection  '•ilk  ibr 
prime  mover.  A  band  at  a  certain  tension  is  not  ca^MUa  d 
exerting  moi-e  than  a  certain  definite  force  upon  &  pidl^  wn 
vhich  it  passes;  and  therefore  occupies,  in  coromnnicnting  itoswn 
speed  to  the  rim  of  that  pulley,  a  certain  definite  time,  drpcndkf 
□n  the  mABGes  that  are  set  in  motion  along  with  the  pnUej  and  Ac 
8j>ecd  to  be  impressed  upou  them;  and  until  that  time  hu  dafM^ 
the  band  has  a  slipping  motion  on  the  pulley;  thus  avoiding  dtodok 
which  consist  iu  tlie  Xtiu  I'apid  communication  of  chnngcs  of  wptrX 
This  will  be  further  considered  under  the  head  of  the  DynMiur!  > : 

1C7.    PnllcTi   Kllh   Equal   Aa^lu  Telacitln.— When    »    fair  <^' 

pulleys  turn  about  parallel  axes  in  the  same  directton,  with  efuJ 
augidar  velocities,  their  pitch-lines  may  be  of  any  figan  whatnetti, 
curved  or  polygonal,'  provided  they  are  equal  and  similar,  aad  D'' 
concave.  Each  of  the  two  straight  parts  of  the  band  u  eqaal  ui 
parallel  to  the  line  of  centres;  and  those  parts,  if  the  pollfy**' 
circular  and  not  eccentric,  remain  at  a  constant  distajice  fann  tW 
line  of  centres;  but  have  a  tvciprocating  motion  towards  and  £<■■ 
that  line  if  the  pulleys  are  either  eccentric  or  non-circular.  A^ 
is  virtually  a  pulley  whoae  pitch-line  is  a  polygon  with  reomW 
angles;  and  such  is  also  the  case  with  the  expaitditiff  pvIUy,  ec*- 
Histing  of  four  quadrants  of  a  circle,  which  can  be  eepanud  M* 
greater  or  less  distance  from  each  otlier  by  means  of  screws 

168.   BuidB  aad  I^II^b  far  ■  Cauusi  VdMKr-BaO*.— In  Obiv 

that  the  velocity -ratio  of  a  ])air  of  pulleys  may  be  oonitMtt,  tl« 
pitch-lines  must  be  circular  (except  in  the  particular  ciae  apadiid 
in  the  preceding  Article,  when  the  figure  is  not  iiestiicted  Uib 
circle  alone). 

The  band  may  be  open  or  vncroned,  as  in  fig.  133 ;  or  tt  natj  ^ 
ovMtl,  as  in  fig.  1 33.     W  ith  an  ojieu  band  the  directions  of  raMiM 
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;  with  s  croBsed  band,  contrary.  In  each  of  these 
,1  denotes  the  driving  jjulley,  and  3  the  following  pulley; 
C|  Cj  is  the  line  of  centres,  and  T^  Tj  the  line  of  connection;  and 
tiie  ADguiar  Ttlocitj-mtio  is  expressed  by 

o..  _  C,  T, 
^  ~  t'a  Tj' 

169.  The  i.ngib  of  ■■  EHdiru  Bmaii.  Buch  as  those  ahovm  ia 
1 123  and  133,  consists  of  twu  straight  paits,  each  equal  to  the 
I  of  connection,  and  two  circular  arcs.  When  the  band  is 
l,aa  in  fig.  123,  the  circular  arcs  are  of  equal  angular  extent; 
n  iht!  band  is  open,  aa  in  fig.  122,  the  uigLes  subtended  by  the 
•  avca  make  up  one  levolation.  When  the  Length  of  a  baud  is 
wwiued  on  a  drawing,  the  circular  parts  may  be  i-cclitied 
lUj  by  Kule  I.  or  Bule  IJ.  of  Arbiclt'  31,  page  28. 
a  find  the  length  of  an  endlets  band  by  calculation,  let  the  line 
«,  C,  Cj  =  c,  and  the  effietim  radii  of  the  poUeya,  Cj  Tj  =r| ; 
C,  T,  =  Tj!  r,  being  the  greater.  Tlien  each  of  the  two  eqnal 
iHuipA  {arts  of  (be  baud  is  evidently  ot*  the  length 

T,  T,  =   js/  e*  —  (r,  +  r,^  for  a  crossed  band:  V 

'    "  '■  ^        "  '  L  (1,) 

Tj  Tj  =   J<?  ~(r^  —  r^  for  an  open  band,    j 

ii^  be  the  arc  to  radios  unity  of  the  greater  pulley,  and  i^  that 
'"e  lem  ]>allej,  with  which  the  bond  is  in  contact;  then  for  a 


;  «■  +  2  arc  ■  ain  - 


m 


I  of  the  lengths  of  the  straight  and  cvmd  parts 
•  fts  fcOvwiti;  total  length : — 


w 


^A»  lat  if  Aett  eqaatMns  wtrtdd  he  trooUMOoic  to  «■ 
''   1  afftka&m  to  be  ncntioned  in  Article  IV 
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approzimation  to  it,  sufficiently  doee   for  practical 
obtained  hy  coDsideriDg,  ihat  if  r^  —  r j  is  aoiall  compai 

•J^  -{ri  —  r^  =  c~-  nearly,  and  arc 

nearly;  wlience,  for  an  open  band, 

L  nearly  =  2  e  +  *  (r,  +  r^  + 


ji? 


..(3  i) 


In  wbich  it  is  sufficiently  accurate  for  practical  purposes  to  maks 

170.  i*Biiar*  with  vutBeiu.^It  has  already  been  stated  iaArtii^ 
166,  page  179,  that  a  flat  belt  tends  to  move  towards  that  part  of 
the  pulley  whose  radius  is  greatest,  or  to  "climb,"  as  the  phrase  is; 
and  that  pulleys  for  such  belts  are  therefore  made  without  ledgea, 
and  with  a  slight  swell  or  convexity  at  the  middle  of  the  rim,  in 
order  that  the  belt  may  tend  to  remain  there.  The  swell  nsually 
allowed  in  the  rims  of  pulleys  is  one  twenty-fourth  part  of  bb 

The  tendency  to  climb  is  produced  by  the  lateral  sUffneaa  of 
tiie  belt,  in  the  following  manner: — When  the  part  of  the  belt 
which  touches  the  pulley  deviates  towards  one  side,  as  in  fig.  1£4, 
the  part  which  is  approaching  the  [lulley 
is  made  to  deviate  towards  the  opponte 
side;  and  thus,  after  the  pulley  baa 
turned  through  a  small  angle,  the  devia- 
tion of  the  belt  is  corrected. 

A  crossed  belt  is  twisted  half  round 
1  passing  from  one  pulley  to  another, 
as  shown  in  fig.  123,  so  as  to  bring  tike 
\  same  side  of  Uic  belt  into  contact  with 
both  pulleys.  The  principal  object  of 
this  is,  that  the  two  straight  parta  of  Uh 
belt  may  pass  each  other  fiatwise  when 
they  cross,  so  as  uot  to  resist  each  other's 
motion.  Another  object,  in  the  case  of 
leather  belts,  is  to  bring  the  rougher  aids 
of  the  leather  into  contact  with  both 
pulleys. 

It  has  already  been  stated  that  the 
position  which  a  belt  assumes  upon  a  pulley  is  determined  bj  the 
IMxition  of  its  advoTKing  tide;  that  is,  of  the  part  of  the  bdt 
■which  is  approaching  the  pulley.  In  the  contrivance  called  Hm 
"fatl  and  looM  puiiei/,"  for  engaging  and  disengaging  maohineiy, 
«  belt  driven  by  a  suitable  driving  pulley  is  provided  wiUi  tvo 
iimilar  and  equal  following  pulleys,  mounted  side  by  lido  upon 


Fig.  134. 


■iBiis 
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one  of  theae  pulleys  is  made  fast  to  the  shaft;  the  other 
lams  looeely  upon  it  The  belt,  when  in  motion,  can  be  abitt«il  by 
mouu  of  a  fork,  thut  guides  its  advancing  side  to  the  fast  pulley 
or  to  the  loose  pulley  at  will,  so  fts  to  engage  or  disengage  the 
thaft  on  which  those  pulleys  are  fitted.  The  driving  pulley  is 
made  of  a  breadth  equal  to  the  breadths  of  the  fast  and  loose 
pulleys  together. 

The  lateral  Btiifness  of  a  belt  is  also  made  avaihibla  for  the 
pnrpose  of  keeping  it  in  its  place  on  the  puJleya  when  their  axes 
»pe  not  parallel,  as  in  6g,  125,  which  is  sketched  in  iaometrical 
penpective,     C\  C,  and  Cj  Cj  are  the  axes;  E^  Kg  their  common 


Fig.  12!, 


popnulicalar.  In  order  that  the  belt  may  remain  on  the  pulleys^ 
Ita  OBHtral  jJane  of  eadt  foiiltij  mugt  pass  Oirough  the  iK>int  of 
ddirery  of  lAe  oAtr  pulley — that  is,  the  point  where  the  belt 
Invea  iht  other  pnlley ;  or,  in  other  words,  t/ie  central  planei  of  (A« 
tao  pmlley*  Aaidd  interwed  in  On  araight  line  which  etmneeU  the 
ImfoimUp/ delivery.  In  %  135,  D,  and  Dj  arc  the  two  points  of 
Lod  the  puUeyg  are  so  placed  that  D,  Dj  ia  the  line  of 
I  of  their  central  planes.  It  is  easy  to  see  that  this 
it  does  not  admit  of  the  motion  l}«ing  reversed;  for 
1  takes  |Jace,  D,  and  D,  cease  to  be  the  points  of  delivery, 
and  beeone  tbe  points  v here  the'belt  is  received;  and  it  ia  at  once 
thnvnofftlH  poUeya. 

171.  mm—*  C— w  (J.  if.,  483)  are  a  contrivance  for  varying 
ud  adj— tiiM  tlie  vdoeity-ratio  communicated  between  a  pair  of 
faalU  diini  'by  meuw  of  a  belt,  and  may  be  either  continnoua 

"^  M  in  fig.  12G,  A,  B,  whose  velocity- ratio  can  ^M^A 
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approximation  to  it,  sufficiently  close  for  ptactin 
obtained  bjr  couHiderijig,  that  if  r^  —  r^  is  suudl  co 


^W-"'-',- 


brSi: 


nearly,  and  arc  *  sin  - 


nearly;  whence,  for  an  open  baud, 
L  nearly  =  2  c  +  «■  (r. 


r,)- 


in  which  it  ia  sufficiently  accuratt;  for  practical  pur] 

170.  PaiicTs  with  Fku  Beiu.— It  has  already  been  st 
169,  page  179,  that  a  flat  belt  teada  to  move  towarc 
the  pulley  whose  radius  ia  greatest,  or  to  "climb,"  as 
and  that  pulleys  for  such  belts  are  therefore  made  * 
and  with  a  slight  swell  or  convexity  at  the  middit? 
order  that  the  belt  may  tend  to  remain  there.  The 
allowed  in  the  ripia  of  puUeya  is  otte  lioenty-fourt 
breadth. 

The  tendency  to  clirob  is  produced  by  the  latei 

the  belt,  in  the  following  manner:— When  the  pa 

which  touches  the  pulley  deviates  towards  one  aide, 

the  part  which  is  approach 

ia  made  to  deviate  toward 

side;    and  thug,   after  th 

turned  through  a  small  an 

tion  of  the  belt  is  correctvc 

A  crossed  belt  is  twist 

,  in  passing  from  one  pulle 

ahownin  fig.  123.  BO  at 

ne  side  of  the  belt  inb 

both   pulleys.     The  princi 

this  is,  that  the  two  straigl 

belt  may  paas  each  other  I 

they  croaa,  so  as  not  to  resii 

motion.     Another  object, 

leather  belts,  is  to  bring  tlii 

of  the  leather  into  conta 

Fig.  15<.  pulleys. 

It  luia  already  been  sb 
position  which  a  belt  assumes  upon  a  pulley  ia  deter 
position  of  its  advancing  aide;  that  is,  of  the  p(u 
which  is  approaching  the  pulley.  In  the  contrivaii 
"Jiut  ajid  loote  jndley"  for  engaging  and  disengagis 
«  fcelt  driven  by  a  auitaUe  dri.'.-ing  pulley  is  provii 
simUar  and  eijual  fyUowing  TjiaWej*,  mo\m<u!A  ^^  ' 


ds;  one  of  these  pulleys  is  made  fiist  to  the  shaft;  the  other 
loooely  upon  il.  The  belt,  when  in  motion,  can  be  shifted  by 
'  of  ft  fork,  that  guides  its  advancing  sidi)  to  the  fast  pulley 
the  loose  pulley  at  will,  so  as  to  engage  or  diaeng^e  the 
on  which  those  pulleys  are  fitted.  The  driving  pulley  is 
of  a  breadth  equal  to  the  breadths  of  the  fast  and  loose 
a  together. 

I  lateral  stiffness  of  a  belt  is  also  made  available  for  the 
se  of  keey)ii)g  it  in  its  place  on  the  pdleya  when  their  axes 
Dt  parallel,  as  in  fig.  1^5,  which  is  sketched  in  isometrical 
wtivft     Cj  C|  and  Cg  Cj  are  the  axesj  £j  E^,  their  c 


In  order  that  the  belt  may  remain  on  the  pulleys, 

^    tM  of  socA  palie]/  mutt  pass   dirough  the  jx>iDt  of 

K^tta  eliir  pulley — that  is,  the   point  where   ttie   belt 

pulley;  or,  in  other  wortla,  Oie  central  planes  o/tiie 

dd  itUeraeel  in  the  straigfu  ling  which  mn>vecU  the 

tn^deHwry.     In  fig.  125.  D,and  Djarethe  twopoiuta  of 

n  lad  the  pulleys  are  so  placed  that  Dj  Dj  is  the  line  of 

Ml  of  their  central  planes.     It  is  easy  to  see  that  thift 

_.    (Bt  does  not  admit  of  the  motion    being  reversed;  for 

B*rt  takes  place,  D,  and  D^  cease  to  be  the  points  of  delivery, 

Tp**  the  points  where  the  belt  is  received;  and  it  is  at  once 

■tftbe  pulley  B, 

T'S?*  *■■"  (-*■  •'^■'  ^^^)  *•*  "■  contrivance  for  varying 
[  ^g  the  velocity- ratio  communicated  between  a  pair  of 
I  _"*™  ty  means  of  a  belt,  and  may  be  either  contuiuou* 
"  tniadi  'eio  Eg.  126,  A,  B,  whose  velocity-ratio  <aa  \» 


I 

I 
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Taried  gradually  while  they  ar«  in  tDotdon  by  BhitUng  tbe  Inlt ;  V  ~ ' 
sets  of  pulleys  whose  radii  vary  by  steps,  as  in  fig.  126.  C,  D — b 
which  taae  the  velocity-ratio  c&a  be  changed  by  nliifh'ng  the  bak 
froiu  one  pair  of  pulleys  to  auothcr  while  the  machiaB  is  U  raL 

In  order  that  the  belt  may  be  equally  tight  in  evety  poMbl* 
position  on  a  pair  of  Gjieed-conea,  the  qu&utity  L  in  the  apuokm 
of  Article  169,  pages  1S3,  184,  must  be  constADt. 

TorAcroned  belt,  as  at  A  aud  C,  L  depends  aolely  on  tlie  Iin«af 
centres,  e,  and  on  the  sum  of  the  radii,  r,  +  r^  Kow  e  m  oooitml 
because  the  axes  are  parallel ;  therefore  the  «vm  of  the  radii  of  tiw 
pitch-circles  connected  in  every  position  of  the  belt  is  to  be  oo&atuL 
That  condition  is  fulfilled  by  * 
])airofcontinuoas  cones,  geittemtnl 
by  the  revolutioD  of  two  ctni^t 
luiea  inclined  o)>poeite  ways  la 
their  respective  axes  at  «{im1 
angles,  and  by  a  eet  of  pain  of 
pnlleys  in  which  the  sum  of  tlio 
radii  is  the  same  for  each  pair. 

For  an  open  belt  tlie  followiag 
practical  rule  is  dodooed  tna  Um 
approximate  equation  (3  x)  of 
Article  1G9,  pi^  184  :— 

Let  the  Bp«ed-conee  be  eqnii 
and  similar  conoids,  as  in  6^  IK, 
B,  but  with  their  lai^  aad  iaalt 
ends  turned  oppoute  vaji.  Lit 
e  the  radius  of  the  lui^e  end  of  each,  r,  that  of  the  small  aid, 
T^  that  of  the  middle;  and  let  y  be  the  niiau  or  convexity,  n 
{perpendicular  to  the  axis,  of  the  arc  by  whose  revulutiisn  e 
the  conoids  is  generated;  then 


2wc 


'  =  34  nearly  enough  for  the  present  purpose. 
To  find  the  BWell,y,  by  graphic  construction;  in  ig.  1S8  M, 
H  A  B    =    31   tim«  the  " 
3   centres;   from   B, 
■  toAB,druwBC  = 
between   the  greatest   sod  1 
mdii;  join  A  C,  and  ctrt  off  fiva 
\t  A  D  =  A  B ,  D  C  will  he  th« 


EPCKD  autn — Pttxers  iw  oouk. 

The  ndLi  at  the  middle  isd  ends  beiog  Um  ietexmu^ed,  maka 
t&e  gcneimting  curve  an.  are  eitjier  of  »  rii^  or  (tf  a  rmra^oh 

For  a  pair  of  stepped  codc«,  aa  in  fig.  1^  D,  IM  •  wsin  ef 
difimteet  of  the  tsdii,  or  values  of  r,  ~  r^,  be  aannBed;  Um,  for 
each  p«ir  of  palleyi,  tlie  half-som  of  the  iMdit  ia  to  b*  <HW|wtwl 
bom  the  difierenoe  hj  the  formula — 

1-P -•;,-»; (1) 

r«  being  the  value  nf  that  half-sinn  wh^o  the  radii  are  equal; 
mud  fiDailj',  the  radii  are  to  be  computed  Irom  their  half-«uD  and 
half-difii;rei]ce,  as  follows; — 


173.  PhD*?*  for  Umpn  vad  Cav«B  require  ledgps  to  prevent  the 
tend  froDi  slipping  off;  for  even  Oat  ropes  have  not  suSdent 
latdol  stiffnesK  to  niake  them  remain,  of  themaelv^oo  the  onTexitj 
of  a  pnlley.  A  corf,  in  passing  round  a  pulley,  lies  in  a  groove, 
aometimes  called  the  fforgg  of  the  pulley ;  if  the  object  of  the  pulley 
ia  inet«ly  to  support,  guide,  or  ateain  the  cord,  the  gorge  may  be 
«anai<leiiU>ly  wider  than  the  cord ;  if  the  pulley  is  to  drive  or  to  be 
drimi  by  the  cord,  so  aa  to  transmit  motive  power,  the  gorge  must 
in  general  fit  thn  cord  closely,  or  even  be  of  a  triangnhir  shape,  so 
aa  to  huld  it  tight  Sometimes  the  gorge  of  a  pulley  which  is  to  be 
driven  by  a  conl  at  a  low  speed  has  radial  ribs  on  it«  sides,  in  order 
t»  give  it  a  firmer  hold  of  the  cord. 

The  ptxive  of  a  pulley  for  a  wire  rope  should  not  grasp  it  tightly, 
lest  ih«  rope  be  injured;  and  the  motion  mu^t  be  communicated 
hf  meaas  of  the  ordinary  Miction  alone.  M.  C.  F.  Hirii  has 
iutndaeed,  with  good  success,  the  practice  of  filling  the  bottoms  of 
the  grooves  of  iron  pulleys  for  wire  ropes  moving  at  a  high  speed 
witb  guttft  percha,  jammed  in  tight.  This  will  be  agaia  referred  to 
in  tTMting  of  the  dynamics  cf  machinery,  and  of  its  construction. 

When  a  cord  does  not  merely  pass  over  a  pulley,  but  is  made 
fast  to  it  at  one  end,  and  wound  upon  it,  the  pulley  usually 
beooBHS  what  is  called  a  lirum  or  a  bomL  A  dram  for  a  round 
lafw  ia  cylindrical,  and  the  rope  is  wound  upon  it  in  helical  coils, 
Uidi  layer  of  coils  increases  the  elective  radius  of  the  drum  by  aa 
Mttoont  e^tsal  to  the  diameter  of  tlie  rope.  A  drum  for  a  flat  iQ\ie 
ia  of  a  braadth  simply  equal  to  the  breadth  of  the  rope,  v\\\cb  \% 
v«and  vpita  it  ia  angle  coilt,  each  of  which  inoseueft  ibe  ^SSiexloi** 
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ladius  bj  an  amount  equal  to  the  thickness  of  the  rope;  and 
instead  of  ledges  it  often  has  pairs  of  arms,  forming  as  it  were 
skeleton  ledges. 

173.  enide  Pniieys.— A  guide  puUey  merely  changes  the  diiectioii 
of  a  band  on  the  way  from  the  pulley  which  drives  the  band  to  the 
pulley  which  is  driven  by  it.  Guide  pulleys  are  us^ul  chiefly 
to  change  the  direction  of  a  round  cord  which  communicates 
motion  between  two  other  pulleys  whose  pitch-circles  are  not  in 
the  same  plane.  In  a  case  of  that  kind  the  following  is  the  role 
for  finding  a  proper  position  for  a  guide  pulley : — By  the  Kale  of 
Article  27,  page  10,  find  the  line  of  intersection  of  the  planes  of 
the  pitch-circles  of  the  driving  and  following  pulley  respectively. 
From  any  convenient  point  in  that  line  draw  tangents  to  the 
proper  sides  of  the  two  pitch-circles,  to  represent  the  centre-lines 
of  two  straight  parts  of  the  band ;  then,  by  the  rule  of  Article  22, 
page  8,  di-aw  the  rabatment  of  the  angle  which  these  straight  lines 
make  with  each  other.     Let  A  C  B  in  fig.  127  represent  that 

rabatted  angle;  draw  a  straight  line,  C  D, 
bisecting  it ;  and  about  any  convenient  pointy 
D,  in  that  straight  line  describe  a  circle 
touching  the  two  straight  lines,  C  A,  C  B: 
this  will  be  the  pitch-circle  of  a  suitable 
guide  pulley. 

174.  sirmiBiBg  PniieTii.— A  straining  puUey 
is  used  to  bring  a  band  to  the  degree  of  tenai<Hi 
which  is  necessary  in  order  to  enable  it  to 
transmit  motion  from  a  driving  pulley  to  a 
following  pulley.  A  straining  pulley,  as  ap- 
plied to  a  flat  belt,  is  usually  pressed,  by  means 
of  a  lever,  against  one  of  the  parts  of  the  belt 
which  extends  between  the  driving  and  following  pulleys,  so  as  to 
push  that  part  of  the  belt  towards  the  line  of  centres.  The  effect 
of  this  is  to  tighten  the  belt  and  increase  the  friction  exerted 
between  it  and  the  pulleys  which  it  connects.  This  is  one  of  the 
contrivances  used  for  engaging  and  disengaging  machineiy.  The 
straining  or  tightening  pulley  is  usually  applied  to  the  rehtrmm^ 
part  of  the  belt ;  that  is,  the  part  which  moves  from  the  dziving 
pulley  towards  the  following  pulley. 

Sometimes  a  straining  pulley  hangs  in  a  loop  or  bight  of  a  oocd, 
and  is  loaded  with  a  weight,  as  in  fig.  128,  farther  on. 

175.  Bccentric  aad  Non-Circalar  Pnllejr*  are  used  for  tnuiiBlittblg 

a  varying  velocity-ratio.  For  example,  in  fig.  128  the  pitdi-liiie 
of  the  pulley  A  is  an  eccentric  circle,  and  might  be  a  curve  of  aoy 
figure  presenting  no  concavity;  the  pitch-line  of  B  is  cironlar  aad 
centred  on  its  axis  in  the  figure;  but  it,  too,  mi^ht  be  oooentrio  or 
noa-circular,    D  £  is  the  Ime  of  oonnectioni  being  the  oentro-liB^ 


Fig.  127. 
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of  ttie  driving  ]:iart  of  the  cord,  and  a  tftogeiit  to  both  pitch-lines; 
and  the  oord  ie  kept  tight  by  a  loaded  etnuning  pulley  at  C.  The 
&n^Ur  Tetodties  of  the  piilleys 
A  and  E  at  any  giren  instant  are 
ioTenely  u  the  perpendicular 
distanoes  A  D  and  fi  £  of  their  ( 
mxt»  from  the  line  of  connectiou ; 
or  in  symbols,  let  a  and  b  be  those 
Ugnlar  veloctties ;  then 
fi  _  A^ 
o  ~  BE' 
Tliere  is  one  instance  in  which 
no  rtniniog  pulley  is  required; 
and  that  is  when  the  pit<ji<linc3 
ef  the  drinng  pulley  and  of  the 
fidlowing  pulley  are  a  pair  of 
•qnal  and  aitnilar  ellipses,  centred 
on  tva  of  their  foci,  A,  A',  a^ 
diown  in  fig.  129,  and  connected 
I7  neuu  of  a  crossed  cord.  The  mean  angular  veiocitteg  nre  equal 
nd  of^KMJte,  each  entire  revolution  being  j>erforined  iu  the  same 


time  b;  both  pnlleys;  and  the  velocity-ratios  at  diffi^rcnt  i 
are  the  Mtne  oa  in  a  combioation  of  a  pair  of  elliptic  wbeela  h 
the  Mine  foot  and  the  same  lino  of  centres.  In  the  ligure,  E  TS 
■nd  K  1  E  represent  the  pitch-lines  of  such  a  pair  of  elliptio 
wheels:  ihrt  pitch  point  being  always  at  the  intentection,  I,  of  the 
two  atniffht  parts  of  the  cord. 

Tn  d*s)gn  iiuch  a  pair  of  elliptic  pulleys,  the  data  required  are 
tbi*  linu  of  centred,  A  A',  und  the  angle  by  which  eapfi  pulley  is 
attenwtely  to  overtake  and  to  fail  behind  the  other  piiUey.    liien. 
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by  Rule  I.  of  Article  108,  page  95,  find  the  £ki;  and  abont  tkoae 
fod  draw  anj  ellipee  that  is  not  larger  than  the  eOipae  Baited, 
according  to  the  same  rule,  for  the  pitch-line  of  a,  wheel  to  work  in 
rolling  contact;  the  ellipse  so  dmwn  will  be  suitable  for  tbe  pitch- 
lines  of  both  pulleys,  C  D  and  C  D'.  The  pnlleyBy  like  the  wheels 
described  in  Article  108,  will  rotate  in  the  same  manner  aa  if 
the  revolving  foci  were  connected  with  each  other  by  a  straight 
link,  B  B',  equal  to  the  line  of  centres,  A  A';  and  their  oono- 
sponding  positions  and  velocity-ratio  at  any  given  iwataTOt  m»y  be 
found  by  Rules  11.  and  III.  of  Article  108,  pages  96,  97. 

AmoDgst  non-circular  pulleys  are /usees,  used  in  watch-work; 
in  which  the  pitch-line  is  a  spiral  ^escribed  on  a  conoidal 
surface. 

Non-circular  pulleys  may  be  indefinitely  varied  in  figure  with- 
out difficulty;  for  the  possibility  of  keeping  the  band  tight  by 
means  of  a  straining  pulley  removes  the  necessity  of  prtisiu'vlng 
certain  relations  between  the  pitch-lines,  as  in  rolling  ooniaot 

176.  €faaln  Pnllers  and  Gearing  CNbatas.— A  chain  poUey  in  aome 

cases  is  merely  a  circular  grooved  pulley  for  guiding  a  chain:  or  a 
cylindrical  barrel  on  which  a  chain  is  wound,  being  made  fiMt  at 
one  end  to  the  barrel,  as  in  cranes ;  and  those  need  no  special 
description.  But  when  a  chain  is  to  drive  or  to  be  driven  by  a 
pulley  to  which  it  Iq  not  made  fast,  the  acting  surface  of  the  pulley 
must  be  adapted  to  the  figure  of  the  chain,  so  as  to  insure  a 
sufficient  hold  between  them.  Amongst  chain  pulleys  of  this  kind 
are  included  capstans  and  windlasses. 

The  pitch-line  of  a  true  chain  pulley  is  a  polygon,  as  exemplified 
in  figs.  130  and  131,  in  each  of  which  figures  the  angles  of  the 
pitch  polygon  are  marked  by  black  spots,  and  its  sides  by  dotted 
lines.  Each  side  of  the  pitch  polygon  is  equal  to  what  may  be 
called  the  piichj  or  effective  length,  of  a  link  of  the  chain.  When 
the  links  consist  of  Hat  bars  of  equal  length,  connected  by  means 
of  cylindncal  pins,  as  in  fig.  130,  the  pitch  of  each  link  ia  the  8BX0% 
being  the  distance  between  the  centres  of  two  pins;  and  the  pitch- 
line  accordingly  is  an  equilateral  polygon  (in  the  figure  a  regular 
hexagon).  When  the  chain  consists  of  oval  links,  like  those  of  a 
chain-cable,  as  in  fig.  131,  the  pitch  of  a  link  which  lies  fiatwiaeon 
the  rim  of  the  pulley  is  equal  to  its  longer  internal  diameter  pbiB 
the  diameter  of  the  iron,  and  the  pitch  of  a  link  which  ateada 
edgewise  on  the  rim  of  the  pulley  is  equal  to  its  longer  intemd 
diameter  minus  the  diameter  of  the  iron ;  so  that  the  pitch  polygon 
has  long  and  short  sides  alternately  (in  the  figure  then  art 
twelve  sides — six  long  and  six  short;  and  the  length  of  a  Um  nda 
is  to  that  of  a  short  side  as  />  to  3).  In  fig.  130  the  pouej  ii 
simply  a  polygonal  prism;  in  fig.  131  it  has  hoUows  to  fit  tlioil 
Jinhi  whict  stand  edgewise. 


I 
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'bch  of  tbe  pnlleyi  ihoirn  in  tbeM  QgnrM  bu  t«atli ;  tad  tli* 
laoM  of  the  acting  maftixt  of  the  toetb  art  rircuUr  nroi,  dMorilwd 
•boot  the  ndJMtst  anglca  of  the  pitob  poljgumb     In  fig.  130  Uia 
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an  intermediate  shaft  to  a  third  shaft,  having  its  axis  in  one 
straight  line  with  the  first  shaft,  the  waste  of  work  in  over- 
coming friction  may  be  diminished  by  supporting  the  intermediate 
shaft  without  bearings :  its  weight  being  simply  hung  by  means  of 
the  cords  from  the  pulleys  on  the  other  two  shafts;  and  care  being 
taken  to  load  the  intermediate  shaft  so  as  to  produce  the  tension 
on  the  cords  which  is  required  in  order  to  transmit  the  motion. 

What  that  tension  ought  to  be 
is  a  question  belonging  to  the 
dynamics  of  machinery.  This 
contrivance  appears  to  have 
been  first  introduced  by  Sir 
William  Thomson.  In  fig.  132 
A  is  the  first  and  C  the  third 
shaft,  and  B  is  the  intermediate 
shaft,  suspended  by  means  <^ 
the  cords  that  pass  round  its 
pulleys;  D,  D  are  heavy  round 
discs,  of  the  weights  required  in 
order  to  give  sufficient  tension 
to  the  cords.  The  shaft  B, 
and  all  the    pieces  which  it 


Fig.  182. 


carries,  should  be  very  accurately  balanced. 


Sectiox  VI. — Connection  hy  Linkwork, 

178.  Dcflaitiona.  {A.  if.,  484.) —The  pieces  which  are  connected 
l>y  linkwork,  if  they  rotate  or  oscillate,  are  usually  caUed  cranfa; 
heamsy  and  levers.  The  link  by  which  they  are  connected  is  a 
rigid  bar,  which  may  be  straight  or  of  any  other  figure :  the  strmigbt 
figure,  being  the  most  favourable  to  strength,  is  used  when  there 
is  no  special  reason  to  the  contrary.  The  link  is  known  by 
various  names  under  various  circumstances,  such  as  coupUn^-rod^ 
connecting-rod,  cravk-rod,  eccentric-rod,  &c  It  is  attached  to  the 
pieces  which  it  connects  by  two  pins,  about  which  it  is  free  to 
turn.  The  efiect  of  the  link  is  to  maintain  the  distance  between 
the  centres  of  those  pins  invariable;  hence  the  line  joining  the 
centres  of  the  pins  is  tlie  line  of  connection ;  and  those  centres  may 
be  called  the  connected  points.  In  a  turning  piece  the  perpen- 
dicular let  fall  from  its  connected  point  upon  its  axis  of  rotation  is 
the  arm  or  crank-arm.  If  the  motions  of  the  pieces  are  performed 
parallel  to  one  plane,  or  about  one  central  point,  the  pins  are  almost 
always  cylindrical,  with  their  axes  perpendicular  to  the  piane^ 
or  traversing  the  point,  as  the  case  may  be.  In  all  other  cases  tbe 
acting  surfaces  of  the  pins  must  be  |K)rtions  of  spheres  described 
About  the  connected  points — making  what  are  called  baO-amB^ 
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aocktt  jointa;  unless  universal  joinU  are  used,  which  will  bo 
described  further  on. 

179.  PHaeirinsr £«■■«■■•>.  {A.M.  48fi.) — All  qtieations  as 
to  the  comparative  motions  of  a  pair  of  pieces  connected  by  a  link 
maj  be  solved  by  means  of  the  general  principles  and  rules  gi^cn 
in  Article  91,  pages  78  to  80,  and  illustrated  by  figs.  57  and  58. 
The  axes  of  rotation  of  a  pair  of  turning  pieces  connected  by  a. 
link  are  almost  always  pamllel  to  each  other,  and  perpendicular  to 
the  tine  of  connection;  in  which  case  the  angular  velocity- ratio  at 
any  instant  is  the  reciprocal  of  the  ratio  of  the  common  per- 
peodiculais  let  foil  from  the  line  of  connection  upmi  the  aices  of 
rotation. 

Another  method  of  ti'eating  questions  of  linkwork  is  to  find,  by 
the  principles  of  Article  09,  pages  4G  to  50,  the  instantaneona 
axis  of  the  link;  for  the  two  connected  points  move  in  the  same 
manner  with  two  points  in  the  link,  considered  as  a  rigid 
body. 

If  &  connected  point  belonRs  to  a  turning  piece,  the  direction  of 
ita  motion  at  n  given  instant  is  perpendicular  to  the  plane  contain- 
itte  the  axis  and  crank-ikrm  of  the  piece.  If  a  connected  point 
heiiongi  to  a  shifting  piece,  the  direction  of  its  motion  at  any 
iostAot  ia  given,  and  a  pliue  can  be  drawn  peritendicular  to  that 
direction. 

The  line  of  intersection  of  the  planes  perpend icular  to  the  paths 
of  the  two  connected  points  at  a  given  instant  is  the  tnatantatieoit* 
axit  of  the  link  at  that  instant ;  and  the  velocUies  of  tlte  comiecUd 
poinU  are  dirtdly  at  l/itir  ditlancei  from  that  axis. 

In  dnwing  on  a  plane  surface,  the  two  jiliines  perpendicular  to 
the  paths  of  the  connected  points  are  repre<(ented  by  two  lines 
(being  their  traces  on  a  plane  normal  to  them),  and  the  instanto- 
neoua  axis  hf  a  point ;  and  should  the  length  of  the  two  lines 
nndrr  it  impracticable  to  produce  them  until  they  actually  inter- 
sect, ibo  Telodty-ratio  of  the  connected  points  may  be  found  by 
the  principle,  that  it  is  equal  to  the  ratio  of  the  segments  which  a 
hne  parallel  to  the  line  of  connection  cuts  off  from  any  two  lines 
ilikwa  from  a  given  point  perpendicular  respectively  to  the 
p«ttM  of  th«  connected  points.  IiixampIcB  will  bo  given  further 
on, 

ISO:  BMJPai-tt.  {A.  if.,  48G.}'-If  at  any  instant  the  plane 
tntvcrsing  one  of  the  crank-arms  and  its  axis  uf  rotation  coincides 
whfa  the  line  of  connection,  the  common  pcrpendicniar  of  the 
line  at  connection  and  the  axis  of  that  crank-arm  vanishes, 
and  thn  directional  relation  of  the  motions  becomes  indeter- 
f^tf*"  The  position  of  the  connected  point  of  the  crank  arm  in 
qaestion  at  «ucb  an  instAnt  is  called  a  dead  point.  The  velocity 
'    '        "    :  connected   point  at  that  instant  is  D\iU;  aD\e&&  '\% 
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also  reaches  a  dead  point  at  the  same  instant,  ao  that  tbe  Ham 
of  connection  is  in  the  plane  of  the  two  axes  o£  rotatiMi;  in. 
irhieh  case*  the  velocity-ratio  is  indetarminate. 

181.  €?^«pic« Pwnu«i ShaAi.  {A.M,,A87.) — There axe onl J two 
oasea  in  whieh  an  uniform  ang^olar  velodty-iatio  (being  thoit  of 
equality)  is  ccHnmunicated  by  linkwork.  Choe  ci  them  is  that  in 
whieh  two  or  more  parallel  shafts  (such  as  those  of  the  drxvii^  wheda 
of  a-  locottotive  engine)  are  made  to  rotate  with  conateiitly  equal 
angular  velocities,  by  having  equal  cranks,  whidi  are  sMdntaioed 
parallel  by  a  coupling  rod  of  such  a  length  that  t^e  line  of  oomwo- 
tion  is  equal  to  the  distance  between  the  axes.  The  onanka  pass 
their  dead  points  simultaneously.  To  obviate  the  unsteadiaaaa  of 
motion  which  this  tends  to  cause,  the  shafts  are  provided  with  a 
second  set  of  cranks  at  right  angles  to  the  firsts  conneetod  by 
means  of  a  similar  coupling  rod,  so  that  one  set  of  cranks  pass 
their  dead  points  at  the  instant  when  the  other  set  are  £ir^iest 
from  theirs.     (See  fig.  32,  page  44.) 

This  elementary  combination  belongs  to  Willis's  Class  A. 

182.  Dnm^iiink. — The  term  dragUink  is  applied  to  a  link,  as 

C  D,  fig.  133,  whifdi  connects 
together  two  cranks,  A  C  and 
B  D,  so  as  to  make  them 
perform  a  complete  rerola* 
tion  in  the  same  time  and 
in  the  same  directioiL  The 
cranks  may  be  equal  or  un- 
equal. Ifthetwoaxe8(wiioee 
traces  in  the  figure  are  A  and 
B)  are  parts  o£  one  stxmi^t 
line  (that  is,  if  the  points  A 

and  B  coincide),  the  angular  velocities  of  the  cranks  are  equal  at 
every  instant,  and  the  combination  belongs  to  Willis's  ClaM  A; 
and  such  is  the  action  of  the  drag-link  when  used  as  a  conpliag. 
If  the  axes  are  not  parts  of  one  straight  line  (so  that  A  andB  are 
different  points),  the  velocity-ratio  varies,  and  the  oombinatMA 
belongs  to  Class  B. 

In  most  cases  the  crank  which  is  the  driver  goes  foremost^  and 
pulls  the  follower  after  it;  and  hence  the  name  of  "  drag-link.*' 

The  following  are  rules  to  be  observed  in  detemuning  the 
dimensions  of  the  parts. 

I.  In  order  that  the  directional  relation  may  be  fonntirt, 
each  of  the  crank-arms,  A  C,  B  D,  slumld  be  longer  than  tk$  Um^ 
cmUre§^  A  R 

II.  For  the  same  reason,  and  also  in  order  that  thece  muf  be 
no  dead-points,  ths  lengtfh  of  l/is  line  of  connectioih  0  D,  §kmMh§ 

Hfreattr  than  the  Umtr  eegnwU,  EF,  and  leee  than  ik§ 


Fij.  133. 


F 
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.  F  G,  into  which  Oie  diameter,  'E.G^ofAe  jTwfar  «^tk  Imm 
cvtUi  daoribed  by  AteonnecUd  jxnjtUis  l\\\hi  Tj  Hii  iriii  iiiifc. 
^ia  principle  holds  &lso  when  those  circles  are  eqml,  and  ■  tba 
aj^icable  tt>  the  diameter  of  eitlier  of  them.  In  olbv  WMd^ 
C  I>  ia  to  be  made 


The  comparative  motions  nia<^  be  found  by  either  of  tbe  foQvv- 
ing  tnles : — 

in.  To  find  the  attgitlar  vdocity-ratio  in  a  giren  position  of  tlw 
crania:  od  the  line  nf  connectioD,  C  D,  let  Ikll  from  theases  liw 
pBirjiCDdiculara,  A  L,  £  M  ^  then 

Angulir  velocity  of  B  D  _  A  L , 
Anguhir  velocity  of  A  C       EM' 

Or  olhenmst:  prodnce  the  line  of  connectioD,  C  D,  ^  it  cats  the 
line  tjt  centres  in  I ;  then 

Angular  velocity  of  B  D       I  A 
Angular  velocity  of  A  C       IB 

Wlken  C  D  is  ferallel  to  A  B  the  angular  velocities  are  eqtiaL 

rV.  To  find  Ote  Uatar  rdoeity-Tatio  of  the  connected  poinU: 

in  »  g)v«D  position  of  the  cranks  produce  the  crank-arms  until  they 

inlcnect-  their  point  of  intersection,  K,  will  be  tbo  trace  of  the 

'  .  of  the  link :  then 


YelocrtynfD       KD 
Velocity  of  C   ^  BTtT 


He  limits  between  which  that  velocity-ratio   flnctuat^i 
— Y. ,  when  B  D  tmveisea  A,  and  -— :; — ^,  when  A  0 


"Oka  two  ABfl%  in  tlicir  rotation,  may  be  regarded  as  alternately 
arntakiDg  and  fidling  behind  c«ch  other  by  an  angle  which  w« 
uttj  oU  tbe  cnpalw  ^wptaetmenL  The  complete  angular  dio- 
ptaaetBcnt  U  kttaincd  in  two  oppoaho  directions  alternately,  at  the 
two  instuitA  when  tfae  ai^nUr  velocities  of  the  shafts  aiv  equal : 
tluik  ia,  wbcn  the  Hne  of  connecUoo  ia  parallel  to  the  line  of 
oenlrefc  The  ftAowtflg  if  ■  rale  tor  deMgnisg  a  drag-link  motion 
MJtA  «7«af  trtmia,  iJmA  iiaii  yroAw»  •  jtm  angvlar  displaee- 
inmt;  uid  ahboagk  Ml  dM  aotr  rate  hj  whidi  that  problem 
tfti^t  be  nlvcd,  it  biiihmi  to  he  tha  M^cat  in  its  application. 

V.  Ib  %  IM  dm-  tw*  ibH^  Bbm,  C  O  c,  HOd,  cutting 


% 
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each  other  at  right  angles  in  the  point  0 ;  lay  off  along  those  lines 
the  equal  lengths  O  C  =  O  D.  From  C  and  D  draw  the  straight 
lines  C  A,  D  B,  making  the  angles  OCA=ODB  =  half  the 
given  angtUar  displacement,  and  cutting  0  d  and  O  c  respectivelj 

in  A  and  B.  Join  A  B 
and  C  D.  Then  A  B  wiU 
represent  the  line  of  centres; 
A  C  and  BD  the  two  crank- 
arras;  and  C  D  the  line  of 
connection. 

The  position  of  the  parts 
represented  will  be  that  in 
which  the  angle  between 
the  crank-aruis  is  least  To 
show^  if  required,  the  posi- 
tion of  the  i>arts  when  that 
angle  is  greatest,  laj  off 
O  c  and  Od  eqnal  to  O  C 
and  O  D,  and  join  A  ^ 
B  d,  and  c  d, 

183.    IAwSl   for   Cmmmj 

BotAti«Bih — ^Tlie  onlj  other 


Fig.  134. 


elementary  combination  by  liukwork  which  belongs  to  Willis's 
Class  B  is  that  in  which  two  equal  cranks,  rotating  about  parallel 
axes  in  contrary  directions,  are  connected  by  means  of  a  link  equal 
in  length  to  the  line  of  centres.  This  has  been  already  described 
in  Article  108,  page  97,  and  represented  in  fig.  72,  page  96,  as  a 
contrivance  to  aid  the  action  of  elliptic  wheels.  There  are  two 
dead  points  in  each  revolution  which  the  pins  pass  at  the  instant 
.when  the  line  of  connection  coincides  with  the  line  of  centres; 
consequently  the  link  is  not  well  adapted  to  act  alone,  and  requires 
a  ))air  of  elliptic  wheels,  or  of  elliptic  pulleys  (Article  175,  page 
189),  to  ensure  the  accurate  transmission  of  the  motion. 

184.  lilnkwork  with  Beclpr«eatiag  M^Umi — CnMk  ■■<  »— 

Crank  and  pi«toB*B«d.  {A,  Jf.,  488.) — The  following  are  examples 
of  the  most  frequent  cases  in  practice  of  linkwork  belonging  to 
Willis's  Class  C,  in  which  the  directional  relation  is  recipro- 
cating; and  in  determining  the  comparative  motion,  they  ars 
treated  by  the  method  of  instantaneous  axes,  already  referred  to  in 
Article  179,  page  193:— 

Example  I.  Two  Turning  Pieces  with  Parallel  Axeg,  such  as  a 
beam  and  crank  (fig.  135). — Let  C^,  Cj,  be  the  parallel  axes  of  the 
pieces;  T^  Tj,  their  connected  points;  C|  T.,  C^  T^,  their  cniik 
arms;  T|  T,,  the  link.  At  a  given  instant  let  v^  be  the  velootty 
ofT,;  r,  that  of  T^ 

To  6nd  the  mtio  of  those  velocities,  produce  C^  Tp  Cg  T^  till 
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f  intersect 
connecting- 


rod,  and  the  veloci 


s  the  instanUueoiui  axis  of  the  link  or 


.ty-ratio  IS 

:  K  T,  :  K.  T-. 


..o-> 


Should  E  be  inconveniently  far  off,  draw  ad;  triangle  with  itondea 
iwpectiTely  paraUel  to  C,  T,,  Cj  Tj,  and  T,  T.;  the  n.'oa  of  tbe 
two  ndm  first  mentioned  will  be  the  velocitj-ratio  reqnind.    Yac 
Axanpt^  diuw  C,  A  pataUel  to  C,  T,,  cntting  T,  T,  in  A;  tben 
t^i  :rj  :-.CjA  :aT. (1) 
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-  Basan^  II'  RoUding  Piece  aiid  Slidiiu/  PUee,  such  as  a  pbu>n- 
rod  rad  crank  (tig.  136). — Let  Cj  be  the  axis  of  a  rotating  piece,  and 
T|  R  the  straight  line  along  which  a  sliding  piece  luovea.  Let  T,, 
T^  be  the  connected  points;  Cj  T^.  the  crank  arm  of  the  rotating 
pieoe;  and  T,  T,,  the  link  or  connecting  rod.  The  points  T„  Tj, 
■ad  tiio  line  T,  K,  are  supposed  to  be  in  one  pUtnu,  perpendicular 
to  the  iLxis  C-  Draw  T,  K  perpendicular  'ui  T,  R,  int«reecting 
O,  T,  in  K ;  K  is  tbe  instantancons  axis  of  the  link ;  and  the  rest 
«( the  solution  is  the  latue  as  in  Example  I. 

1S5.  (J.  Jf.,489.)  An  B.«i«rt.  (fig.  137)  being  a  circular  diw 
kered  on  a  shaft,  with  whose  axis  its  centre  does 
.mA  coincide,  and  used  to  give  a  reciprocating 
1  to  a  rod,  in  equivalent  to  a.  crank  whose 
d  point  li  T,  tbe  centre  of  the  eccentric 
diae,  uxl  whose  crank  arm  is  C  T,  tbe  distance 
e(  tK»t  point  from  tbe  axis  of  tbe  shaft,  called  ^-    ^^^ 

the  tecentriciit/. 

An  roceniric  may  be  made  capable  of  having  its  eccentricity 
»|te(«d  ty  means  of  an  adjusting  screw,  wi  aa  to  vary  the  extent  of 
the  reciprooiting  motion  which  it  communicates,  and  which  is 
oUed  lb«  Ikrtnc,  or  Iravfi,  or  length  n/  stroke. 

186.    (J.  J/..  450,)    The  i.ciiaih  .1  sirakc  of  a  point  in  a  recipro- 
'e  is  tbe  distance  between  the  two  ends  of  the  Mlhia 


I 


I 


trhicli  that  point  muvea.  Wlten.  it  is  oonnected  hj  a  link  a 
point  iu  a  continuously  rotating  piece,  tiie  cuds  of  the  stroke  ■/ 
the  reciprocating  yroint  correspond  wilh  the  dead  points  of  the  coo- 
tinuouaty  rotating  piece  (Article  180,  page  193). 

^  When  the  erank-arm,  and  Hie  path  of  tk«  eonntelad  poimt  im  Hi 
raciproaaling  piece  are  given,  to  find  Ae  itroke  amd  At  dead  paitM. 
If  the  connected  point  in  the  reciprocating  jaoee  morea  ia  a  atni^ 
line  traver^g  and  perpendicalar  to  the  axis  of  tlie  tnnung  Hmv 
the  length  of  stroke  iA  obvioaaly  twice  the  crauk-ann.  If  tint 
connected  point  movea  in  any  other  path,  let  F  F,  in  fig.  liS, 
represent  that  path,  A  the  trace  of  the  cnnk- 
axifi,  and  A  D  =  A  E  the  crank-arm.  Fnn 
the  poiut  A  to  the  path  F  F  lay  off  tlie  da- 
tancea  A  B  =  the  line  of  connectioB  —  ihe 
crank -arm,  and  A  C  =  the  line  of  cottneKMa 
'•  +  the  crank -arm;  then  B  C  will  lie  tiurtwik' 
of  the  connected  point  in  the  reciptttcatiK 
piece.  Draw  the  straight  lines  C  E  A  ana 
BAD,  CTitting  the  circular  path  of  the  cfaak- 
pin  in  the  points  E  and  D :  these  will  be  1^ 
dead  points. 

II.  When  lite  crant-arm,  A  D  =  A  E,  lb 
lengCfi  of  (he  line  of  coajiection,  and  Ae  dmd 
poiidt,  D  and  E,  aregivea,  to  find  Ihe  tma  t»Ji 
of  the  Itroke  of  the  eomieiied  poorf  ■■  lb 
reciprocating  piece.  In  D  A  and  A  E  f««- 
duced,  m&ke  D  B  and  £  C  each  cqtnl  t*  tht 
length  of  the  line  of  connection ;  B  and  0  «dl 
be  the  required  ends  of  the  strokes 

When  the  )>ath  of  the  connected  nial  is 

the  reciprocating  piece  is  a  stnigbt  tiat,  lla 

preceding  principles  may  be  thua  toqHMMd  ii 

[b-      algebraical  symbols; — 

Fig.  US.  Let  B  be  the  length  of  stroke.  L  tlM  b^^lk 

of  the  line  of  connection,  and  B  tb«  OMfc- 

ann.     Then,  if  the  two  ends  of  the  stroke  are  in  oue  atnight  Bm 

with  the  axid  of  the  crank, 

8  =  2  R; (L) 

and  if  their  ends  are  not  in  one  straight  line  with  ttiat  tavt,  Am 
S.  L  -  R,  and  L  +  H,  are  the  three  sides  of  a  triangle,  hariw  lla 
angle  opposite  Sat  that  axis;  so  that  if 'be  the  supfdoneat  wlW 
arc  between  the  dead  points, 

8»  =  2  fLi  -f  R^)  -  2  (L»  -  R»)  cos  ';  ~ 
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1S7.  ■«■>  VtimtttT  Buia. — In  dynaHucd  questions  rtvpecting 
— rhiitea,  especully  when  the  mode  of  eonneclion  is  by  liuKwork, 
it  is  oftea  requiaUe  to  detemuiie  tiie  mean  ratio  of  tbe  linear 
Telooities  of  a  pair  of  connected  pointa  during  some  definite  period ; 
wkicb  mean  »tiD  is  mmplv  the  ratio  of  the  distauccs  movod 
liron^li  by  tboee  pointe  in  Uiat  period.  Three  rases  may  be  dis- 
tiiiffiii«hed,  aocording  as  the  combination  of  liukwork  Wlongs  to 
Willise  Claaa  A,  Ciaaa  B,  or  Class  C. 

I  la  Class  A  the  meao  Telocity- ratio  is  idcotical  with  the  velocity- 
Bdio  at  each  iostant.  For  examples,  see  Article  181,  page  191, 
■^  ATttde  162,  page  194. 
In  dan  B  the  mean  velocity- ratio  of  the  connected  pointa  during 
•*ch  complete  revolution  is  that  of  the  drcuufeieuoea  of  the 
Hrcles  in  which  they  mova  For  examples,  see  Article  162,  page 
I'Ji,  and  Article  1^3,  page  19G. 

In  C'Uts  C  the  mcHD  velocity-ratio  of  the  connected  points  mny 
be  taken  either  fur  n  whole  revolution  of  the  revolving  point  and 
cioaUe  vtroke  of  the  reciprocating  {loiat,  or  it  may  be  taken 
itely  for  the  fonrard  stroke  and  return  stroke  of  the  reoipro- 
^  point,  where  it  has  different  values  for  these  two  parte  of 
ttte  MBiiwa.  In  the  former  case  it  ia  expressed  by  the  ratio  of 
fiea  the  length  of  stroke  of  the  reciprocating  paint  to  the 
^re^mSeratoe  of  the  circle  described  by  tbe  revolvin)r  {xjiiit;  that 
is  tn  IBJ',  for  cxaBiplc,  in  fig.  138,  pi^e  196,  by  the  ratio 

5BC 

CinEdtoierence  D  U  £  H ' 
In  tbe  taller  tase.  the  two  moan  velocity- ratios  are  expressed  by 
'  ''  "•  borae  by  the  length  of  stroke  of  the  reeiproonling 

a  into  which  the  dead  points  divide  the  path 
For  ezanijde,  in  fig.  138,  those  two  Rvtios 


and  BC 

ArcEHD' 


paactice  is  tliat  represented  in  fi^ 

:  redprocatiDg  pmnt  morea  in  a  stnu^b 

akost  wUeh  Uh!  Tvniviag  Doiat  mwea; 

"    lor  taA  si^^  itnlce  and 


=  0-62S63  Bcariy. 


UK.  mviM*  T^^MaMn-In  those  gmh  in  which  ons  of    " 
tha  fi^am  «na«kal  by  a  tiak  mvlves  eoatianxisly,  wUle  dte 
ochv  hM  a  nqiRMkc  Hotisn,  it  is  cA«n  dfsalile  to  dctcnuM 
*«j     ■  g     I    rffttjiw  bone  Ij  the  ttJotHj  d  thsntssK)- 
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oatiDg  point  to  that  of  the  revolving  point  The  general  principle 
upon  which  that  greatest  ratio  depends  is  shown  in  fig.  139, 
in  which  T'  represents  the  reciprocating  point,  and  T  the  revolving 

point;  T  T,  the  line  of 
connection;  and  C  T,  the 
crank-arm.  Let  C  A  be 
perpendicular  to  the  direc- 
tion of  motion  of  the 
reciprocating  point  T^,  and 
let  A  be  ihe  point  where 
the  line  of  connection  cuts 
C  A;  then,  as  has  been 


Fig.  189. 


already  shown  in  Article  184,  page,  196, 

Velocity  of  T^  _  C  A 
Velocity  of  T  ""  CT' 

and  at  the  instant  when  that  ratio  is  greatest,  A  is  at  its  greatest 

distance  from  C;  therefore,  at  that  instant  the  direction  of  motioB 

of  the_point  A  in  the  line  of  connection  is  along  that  line  itself 

Draw  T  K  parallel  to  C  A,  produce  C  T  till  it  cuts  IT  K  in  K,  the 

instantaneous  centre  of  motion  of  the  link,  and  join  K  A;  then 

the  direction  of  motion  of  the  point  A  in  the  line  of  connection  at 

any  instant  is  perpendicular  to  A  K;  and  therefore,  at  the  instant 

when  C  A  is  greatest^  A  K  is  perpendicular  to  A  IX     Upon  this 

proposition  depends  the  determination  of  the  greatest  value  of  the 

C  A 
ratio  p-mi    l>uti    that    determination    cannot  be  completed  by 

geometry  alone;  for  it  requires  the  solution  of  a  cubic  equation, 
as  stated  in  the  footnote.* 

*  In  fig.  139,  let  the  crank-ann  C  T  =  a ;  let  the  line  of  cannectMii 
T  T  a  6 ;  these  two  aaantitiee  being  given ;  and  when  the  ratio  of  the 
velocity  of  17  to  that  ot  T  is  a  maximom,  let  the  angle  C  T"  T  a  6^  and  the 
ansle  A  G  T  »  </>. 

Solve  the  following  cubic  equation : — 

«in«0  — Bin*6  — «in«e  +  ^|  =  0, (1,) 

80  as  to  detennine  the  value  of  Bin  *6,  which  is  the  only  root  of  iSbtX 
equation  that  is  positive  and  less  than  1.  Next,  calculate  the  vahw  of 
the  angle  <>,  or  those  of  its  trigonometrical  fiinctions,  by  the  help  of  ooi  or 
more  (3  the  following  equations  (each  of  which  implies  the  others)  :— 

tan  ^  a  COS  6  sm  6  a      .     : 


.^         .fsin'6  — sin*a      > 
""^-^il+sin«e-sin*e'/ 


OOS^  a 


V(l  -I- sin  •«  -  sin  «a)\ 


W 
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An  approximate  totulion  of  this  question  may,  however,  be 
iiied  by  plane  geometry,  when  the  line  of  connection,  T  T,  is 
<  less  than  about  twice  the  cnknk-a.mi,  C  T.  It  consists  in 
Mtins  the  angle  at  T  as  if  it  were  a  right  angle  (from  which  it 
iffen  by  the  angle  A  E  T)j  and  thus  we  obtain 

C  A       ,        ,  ,  C  T         J  (C  T«  +  T  T'^ 
CT  -  ^"*'" -'*  TT'  -  TT  ■ 

1  T  r  18  great  as  compared  with  C  T,  the  error  of  thia 
»lution  is  inappreciable,  or  nearly  so;  when  T  T  =  2  C  T,  the 
appruximate  solution  is  too  small  by  about  one  per  cent.,  and  is 
tiiert^fore  near  enough  for  practical  purposes;  when  T  "T  becomes 
leas  than  2  C  T,  the  error  rapidly  increases,  bo  as  to  make  the 
approximate  solution  inapplicable;  but  caj^es  of  this  laat  kind  are 
rery  uncommon  in  practice. 

189.  DsHkUBc  •(  Owiiiaiisaa  \i  liinkirBrk.— When  two  recipro- 
cating pieces  are  connected  by  means  of  a  link,  the  follower  may 
be  made  to  perform  two  oscillations  or  strokes  for  one  of  the 
driver,  in  the  following  manner; — In  fig.  140,  let  the  driver  be  an 
ami  or  lever,  A  B ;  A  ite  asia  of  motion,  and  B  its  connected  point. 


Let  C  be  the  connected  point  of  the  follower,  and  B  C  the  link. 
1b*a  the  parts  of  the  combination  are  to  be  so  arranged  that  the 
atnight  line  C  c,  which  traverses  the  two  ends  of  the  stroke  of  the 
point  C,  shall  travene  also  the  axis  A,  and  shall  bisect  the  arc  of 

and  finally,  calculate  the  required  greatest  velocity-ratio  by  the  following 


la  the  two  extreme  cues  the  valnei  of  that  ratio  are  m  foOowB : — When  h 
H  inuneanrably  longer  than  a,  C  A  -i-  C  T  aeiuibl y  =  1 ;  wh«a  b  ~  a« 
CA-j-CT  =  2. 
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motion,  ^  B  5',  of  the  oonnected  point  R  Tbe  zeeolt  will  be,  iliat 
while  the  point  B  perfonns  a  single  stroke,  frotti  b  to  b\  the  pcuat 
C  will  perform  a  double  sixoke,  from  c  to  C  and  back  again. 

If  C  is  a  point  in  a  second  lever,  that  second  lew  maj,  by  means 
of  a  similar  arrangement^  be  made  to  drire  a  thind  lever,  so  as  again 
to  double  the  frequency  of  the  strokes;  and  thus,  by  a  train  of 
linkwork,  the  last  follower  may  have  the  frequency  of  its  strokes 
increased,  as  compared  with  those  of  the  first  driver,  in  a  ratio 
expressed  by  any  required  power  of  2. 

190.  M*w  ffltodoB  hy  litehwki  As  has  been  already  explained 
in  Artide  180,  page  193,  when  the  connected  point  in  the  driver 
of  an  elementary  combination  by  linkwork  is  at  a  dead  point,  the 

velocity  of  ike  oonnected 
point  of  the  follower  is 
nothing;  and  when  the 
connected  point  of  the 
driver  is  near  a  dead 
pointy  the  motion  of  the 
connected  point  of  the 
follower  is  comparatively 
very  slow,  and  gradually 
increases  as  the  connected 
point  of  the  driver  moves 
away  from  the  dead  point. 
When,  therefore,  it  is 
desired  that  the  motion  of 
a  follower  shall,  at  and 
near  a  particular  position  of  the  combination,  be  very  slow  as 
compared  with  that  of  the  driver,  or  as  compared  with  that  of 
the  follower  itself  when  in  other  positions,  arrangements  may  be 
used  of  the  class  which  is  exemplified  in  fig.  141  and  Gg.  141  A. 

In  fig.  141  the  lever  A  B,  turning  about  an  axis  at  A,  drives^ 
by  means  of  the  link  B  D,  the  lever  C  D,  which  turns  about  an 
axis  at  C.  "When  the  driving  lever  is  in  the  position  marked  A  Bv 
it  is  in  one  straight  line  with  the  link  B  D ;  so  that  B  is  a  dead 
point,  and  the  velocity  of  the  follower  is  null  As  the  conneoled 
point  of  the  driver  advances  from  B  towards  6,  the  connected  pont 
of  the  follower  advances  from  D  towards  d,  with  a  compaialrre 
velocity  which  is  at  first  very  small,  and  goes  on  inereani^  by 
degrees.  When  the  motion  is  reversed,  the  comparative  Telocity 
of  the  latter  point  gi*adually  diminishes  as  it  returns  ftom  • 
towards  D,  and  finally  vanishes  at  the  last-named  point.  Motions 
>f  this  kind  are  useful  in  the  opening  and  closing  of  steam-valve^ 
in  order  to  prevent  shocks. 

Fig.  141a  shows  a  train  of  two  elementaxy  combiiiatioiit  of  tiM 
Mwekind  with  that  just  described;  the  effect  being  to  makiB  Hm 


Fig.  141. 


nmtiim  of  a  tbird  connected  point,  E,  quite  iBseoaiblf)  during  a 
MKtuD  |)»rt  of  the  motion  of  the  first  connected  point,  E. 


rig.  m  1. 

(91.  {A.M.,  491.)  ttmmLtfw<:mmrUmt,mrVmlnr»mlSmlmt{6g.  143), 

k  eontrinmce  for  coupling  flhana  vhoae  uea  intersect  each  other 
■spoinL 

Kl«!t  O  be  the  point  of  intersection  of  the  axes  O  C,,  0  C^,  and 

r  angle  of  inclination  to  each 

The  jMur  of  shafUi  C,,  C^ 

iBl«  in  a  pair  of  forks,  F„  Fj,  <V| 

t  botring?  at    the    extremities  of 

1  the  pivots  at  the  ends  of 

of    a    rcctangidar    cnm 

J  itA  centre  nt  O.     This  crois 

ilink ;  the  connected  ]xiinta  are 

kiMntres  of  the  bearing))  F,,  F^ 

kcb  instuit  each  of  those  points 

■  «t  right  angles  to  the  cential 

•  flf  itsHhaft  and  fork;  therefore  the  line  of  intersection  of  the 

.  _il  plaoea  of  the  two  forks,  at  any  ioelant,  is  tlie  instantaneaas 

b  df  tfa«  cross ;  and  the  i:elocity-ratio  of  the  points  F,,  F,  (which, 

~    'oAa  are  equal,  is  also  the  angular  tdofHy-ratio  of  the  shafts), 

I  to  the  ntio  of  the  distances  of  those  paints  from  that 

IB  axis.     The  main  Talne  of  tint  Tclocitjr-ratio  is  th»t 

lUtf ;    f>:'r  each  Bnci:eniTe  iptartur  tun  is  made  I9  b«tli 

B  the  saJne  time;  bat  its  inEtantAneoos  nine  f     '  ~'^ 

K  tbe  limits, 


Fig.  l«. 


204 


GEOMETRT  OF  UACBISERY, 


^  =  —  -.  when  Fj  is  in  the  plane  of  the  axes; 


a^      cos  1 


-^  =  cos  i  when  Fj  is  in  that  plane. 


a 


►  ...(1.) 


The  following  is  the  geometrical  construction  for  finding  the 
position  of  one  of  the  shafts  which  corresponds  to  any  g^yen  position 
of  the  other ;  also  the  velocity-ratio  corresponding  to  that  position : — 
Let  the  shaft  whose  position  is  given  be  called  the  Jirsi  shaft,  and 
the  other  the  second  shaft;  and  let  the  corresponding  arms  of  the 
cross  be  called  the  first  and  second  arms  respectively. 

In  fig.  143,  let  O  be  the  point  of  intersection  of  the  axes  of  the 
two  shafts^  and  let  the  plane  of  projection  be  a  plane  traverBing  0^ 


ir 

Fig.  148. 

and  normal  to  the  axis  of  the  second  shaft.  Let  A  O  a  be  the 
of  the  plane  of  the  two  axes,  and  C  O  C,  perpendicular  to  A  O  i^ 
a  normal  to  that  plane.  With  any  convenient  radius,  O  A,  describe 
a  circle  about  O.  Lay  off  the  angle  A  O  D  equal  to  the  ancle  % 
which  the  axes  of  the  shafts  make  with  each  other.     Thro^m  D, 

OB 

parallel  to  C  C,  draw  D  B^  cutting  O  A  in  B;  then  ^^-^  =  cost ii 

the  velocity-ratio  of  the  second  to  the  first  axis,  when  the  fiisi  anB 

coincides  with  O  C  and  the  second  with  O  A:  and  ^^-=  ss s  m 

'         O  B      ooat 

sec  » is  the  velocity-ratio,  when  the  first  arm  coincides  with  O  Af 

MDd  the  second  with  O  C. 


mt  O,  with  tho  radius  O  B,  describe  a  circle.  Draw  the 
Atu  O  E/,  cutting  the  two  circles  in  E  and /respectively,  and 
nuiking  the  angle  A.0/—  the  given  angle  which  the Jtret  arm 
makes  with  the  jilane  of  the  axes; — in  other  words,  let  0/he  the 
rabalmeni  of  the  firet  ann,  made  by  rabatting  a  plane  normal  to 
the  firet  uiis  ujKiu  the  plane  of  projection.  Througli  E,  parallel  to 
O  C,  draw  E  F,;  and  through  f,  parallel  to  O  A,  draw/  F, ;  the 
point  F,  will  be  the  projection  of  the  point  whose  rabatment  is/ 
Draw  the  straight  line  OF,;  thia  will  he  the  prcjeetion  of  t/ie  fint 
arm  on  a  plane  normal  to  the  second  axis.  Then  perpendicular  to 
0  F,  diaw  O  Fji  this  will  bo  Ike  reguiretl  position  of  the  second 

The  projection  of  the  path  of  the  ]}oiDt  F,  is  the  ellipse  C  B  C. 

To  find  tjie  angular  velocity-ratio  corresponding  to  the  given 
position  of  the  arms;  about  any  convenient  point,  O,  in  A  0  a, 
describe  a  circle  through  O,  cutting  F,  O  and  /  O  (produced  if 
m^uired)  in  H  and  A  respectively;  from  which  points  draw  H  K 
■nil  A  H  parallel  to  O  C,  and  cutting  A  O  a  in  E  and  i  respectively. 
Then  we  have 

^a^  hk  ^'I 
Cfae  particular  form  of  universal  joint  shown  in  fig.  142is  chosen 
Brder  to  exhibit  all  the  parts  distinctly.  In  practice,  the  joint 
oft«n  made  much  more  com|)act,  the  forks  not  having  more 
•fMoe  between  them  and  tho  cross  than  is  neccssaiy  in  order  to 
admit  of  the  n-qitired  e^itent  of  motion  of  the  civiaa-arms,  and  the 
cross  being  sometimes  made  in  the  form  of  a  circular  disc,  or  of  a 
ring,  or  of  a  ha!!,  with  four  pivots  projecting  from  its  circumference. 
Where  the  angle  of  obliquity  of  the  two  eliafts  (i)  is  small,  each  of 
the  forks  ii  oAen  made  in  the  foiTn  of  a  round  dJHc  on  tho  end  of 
'  chaft,  having  a  {>ur  of  pi-ojecting  horns  or  lugs  to  carry  the 
ja  of  the  pivots. 

e  onivptaai  joint  belongs  to  Willis's  Class  B.     When  used  as 

tDpUog,  it  is  Uable  to  tho  objection,  that  although  the  mean 

PbaQr-ratio  is  uniform,  being  that  of  equality,  the  velocity- ratio 

rnco  instant  fluctuates,  and  thus  gives  rise  to  vibratory  and 

OBBtoftily  motion. 

192.  {A.  M.,  403.)  The  o«ki*  n*fik«->  Jai>i  (fig.  Ml)  is  used  to 
obvuib!  the  vibrntory  and  aiixteady  motion  caused  by  the  fluctuation 

B  al^hraical  lymboli,  let  0,  =  A  0/,  and  ^,  =  A  0  F,,  be  the  snglea 
't  ihc  iint  uid  icconil  arm  respectively  at  a  given  iiutailt  with  the 
(theaiM  of  tbethnfCaj  then 


li^y      ain  2  ip,      tau  ip,  -t-  cotati  i^^ 
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of  the  velocity-ratio  which  has  already  been  mentioiied.     Between 
the  two  shafts  to  be  connected,  Cp  C3,  there  is  introduced  a  short 

intermediate  shaft,  C^,  making  equal 
angles  with  C^  aiid  O3,  connected 
with  each  of  them  by  a  Hooke's 
joint,  and  having  both  its  own  forks 
in  the  same  plane.  The  effisct  of 
this  comlmiation  is,  that  the  angular 
F!g.  14i.  velocities  of  the./Sf;8^  and  t^trc?  shafts 

are  equal  to  each  other  at  every 
instant ;  and  that  the  planes  of  the  fiirst  and  third  forks  make,  at 
every  instant,  equal  angles  with  the  plane  of  the  three  axes.  Hence, 
as  regards  the  comparative  motion  of  the  first  and  third  shafts,  the 
double  Hooke's  joint  belongs  to  Class  A;  but  as  regards  the  motion 
of  the  second  or  intermediate  shaft,  it  belongs  to  Class  B.* 

The  double  Hooke's  joint  works  correctly  when  the  third  shaft 
is  paroUld  to  the  first,  as  well  as  in  the  position  shown  in  the 
figure. 

193.  iiooke-and-oidham  c«npiing. — This  name  may  be  given  to 
an  universal  joint  in  which  the  pivots  of  the  cross  are  capable  of 
sliding  lengthwise  as  well  as  of  turning  in  their  bearings  in  the 
horns  of  the  forks.  It  combines  the  properties  of  Hooke's  coupling 
with  that  of  Oldham's  coupling,  formerly  described  (Article  15^ 
page  166);  that  is  to  say,  it  is  capable  of  transmitting  motion 
between  shafts  whose  axes  are  neither  parallel  nor  intersecting.  It 
acts  by  sliding  contact  and  linkwork  combined:  when  single,  it 
belongs  to  Class  B;  and  when  double,  with  the  axes  of  the  three 
shafts  in  parallel  planes,  and  the  first  and  third  making  eqoal 
angles  with  the  intermediate  axis,  to  Class  A 

194.  IntermlUenl  Iiinkw«rk — Click  and  RatclMl. — A  cZfdb  OF  CCltcA, 

being  a  reciprocating  bar  (such  as  B  C  in  figs.  145  and  146)  acting 
upon  a  ratchet  wheel  or  rack,  which  it  pushes  or  pulls  through  a 
certain  arc  at  each  forward  stroke,  and  leaves  at  rest  at  each  back- 
ward stroke,  is  an  example  of  intermittent  linkwork.  During  the 
forward  stroke,  the  action  of  the  click  is  governed  by  the  principles 
of  linkwork;  during  the  backward  stroke,  that  action  ceasea.  A 
fixed  catch,  or  pall,  or  detent  (such  as  6  c  in  fig.  145),  turning  on  a 
fixed  axis,  prevents  the  ratchet  wheel  or  rack  from  reversing  its 
motion. 


*  Let  i  be  the  angle  of  inclination  of  Cj  and  C„  and  alao  that  of  O,  tatd. 
C,.  Let  *t>i9  0s»  <^8»  he  the  ancles  made  at  a  given  instant  by  tha  plaaas  «f 
the  forks  of  the  throe  shafts  with  the  plane  of  tneir  axes,  and  !•!  o,,  o,,  m^, 
bo  their  angular  velocities.     Then 


whence 


tan  0a  *  tan  0,  =  cos  t  a  tan  <p^  *  tan  0^ ; 
tan  0«  s  tan  ^i ;  and  a«  a  Oi. 


CUCK  ASD   HATCHET. 


I  Tbe  ejfieltve  tiroke,  being  the  epocB  through  which  the  ratchet  is 
^     D  ^  eoeh  forward  stroke  of  the  click,  ia  necessarily  once,  or  Eh 


whole  mnnher  of  times,  the  pitch  of  the  teeth  of  the  ratchet; 
it  iH  obvious  that  the  length  of  the  total  stroke  of  the  click  n 
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be  greater  than  the  effective  stroke,  and  less  than  the  next  greater 
whole  number  of  times  the  pitch.  It  is  advisable,  when  practicable, 
to  make  the  excess  of  the  total  above  the  effective  stroke  no  greater 
^than  is  just  sufficient  to  ensure  that  the  click  shall  clear  each 
successive  tooth  of  the  ratchet.  In  figs.  145  and  146  the  effective 
stroke  is  once  the  pitch  of  the  ratchet;  in  fig.  147,  twice  the 
pitch. 

A  catch  may  be  made  to  drop  into  its  place  in  front  of  each 
successive  tooth  either  bj  gravity  or  by  the  pressure  of  a  spring, 
according  to  the  circumstances  of  the  case. 

Some  clicks  act  by  thrusting,  as  B  C  in  fig.  145,  and  B  C  in  fig. 
146;  others  by  pulling,  as  6  c  in  fig.  145. 

The  direction  of  the  pressure  between  a  click  and  a  tooth  is 
nearly  a  normal  to  the  acting  surfaces  of  ihe  click  and  tooth  at 
the  centre  of  their  area  of  contact;  for  example,  in  fig.  145,  the 
dotted  lines  marked  C  D,  c  </,  and  in  fig.  146,  the  dotted  line 
marked  C  D.  In  order  that  a  click  may  be  certain  not  to  lose  its 
hold  of  the  tooth,  that  normal  aught  to  pass  inside  the  axis  o/moHon 
of  a  tJvrusting  dick,  and  outside  the  axis  of  motion  of  a  pulling  diek. 
For  example,  in  ^g.  145,  CD  passes  inside  the  axis  B,  and c d 
passes  outside  the  axis  b;  the  words  ''inside"  and  ''outside" 
being  used  to  denote  respectively  nearer  to  and  further  from  the 
ratchet. 

It  is  convenient,  though  not  essential,  that  a  click  for  driving  a 
wheel  should  be  carried  by  an  arm  concentric  with  the  wheel ;  such 
as  the  arms  A  B  in  fig.  145,  and  A  B  in  fig.  146.  In  such  cases 
the  total  angular  stroke  of  the  click-arm  (marked  B  A  B'  in  fig. 
145,  and  B'  A  B'  in  fig.  146)  must  be  a  little  greater  than  the 
effective  angular  stroke,  which  is  once,  or  a  whole  number  of  times, 
the  pitch-angle  of  the  teeth  of  the  wheel.  The  axis  of  motiofi  of 
the  click-arm  may,  however,  be  placed  elsewhere  if  necessary,  pro- 
vided care  is  taken  that  in  all  positions  of  the  arm  the  Ihie  of 
pressure  passes  to  the  proper  side  of  the  axis  of  motion  of  the  didL 
{See  figs.  148,  149,  further  on.) 

Fig.  146  represents  a  tumbling  or  rei>ersibU  dick,  shaped  ao  as  to 
act  upon  the  teeth  of  an  ordinary  toothed  wheel.  In  its  prcacpt 
position  it  drives  the  wheel  in  the  direction  pointed  out  by  tliB 
arrow :  by  throwing  it  over  into  the  position  marked  with  dotted 
lines,  it  is  made,  when  required,  to  drive  the  wheel  the  ooDtimiy 
way. 

It  is  easy  to  see  that  the  acting  surfaces  of  clicks,  and  the  teelk 
of  ratchets  on  which  they  act,  may  be  shaped  in  a  variety  of  waji 
besides  those  exemplified  in  the  figures. 

195.  SiiMit  Click.— This  is  a  contrivance  for  avoiding  the  noiie 
and  the  tear  and  wear  which  arise  from  the  sudden  droppinff  of 
the  common  click  into  the  space  between  the  teeth  of  the  rmtonol 


SU.KKT  CUCK — DO  COLE- A 


rL  The  wheel  ia  like  an  ordinary  toothed  -wheel  B  C  is  the 
,  which,  in  the  example,  is  made  to  ptish  the  teeth.  It  is 
•d  by  one  branch,  A  B,  of  a  bell-crank  lever,  which  has  A 
ng  motion  about  the  same  sJiia  with  the  wliLei     The  other 


Fig.  H7. 


o  etada  or  pins  in  it,  E  and  IT. 
'ID,  A  P,  which  has  a  recipro- 
,  and  is  connected  by  a.  link. 


btsDch  of  the  beU-cranlc  lerer  ha 
Between  these  pins  i«  the  drivii 
eating  motion  about  the  same 
O  H,  with  the  click. 

B  A  F  is  tlie  total  angukr  Bti'oka  of  tliu  bell-crank  lever; 
D  B  D'  is  the  &ng\e  through  which  the  click  miiat  be  moved  in 
order  to  lift  it  clear  of  the  teeth.  The  sum  of  these  angled, 
B  A  B*  +  D  B  D,  is  =  F  A  F",  the  angular  stroke  of  the  driving 
arm.  Tbe  positions  of  the  studs,  E  and  E',  are  so  adjusted,  that 
the  ttriring  arm  in  paftsin^  fi-om  the  one  to  the  other  moves  through 
tbe  uigle  P  A  F'=  D  B  D';  being  the  angular  motion  that  lifts 
tbe  click  clear  of  the  teeth  before  the  return  stroke,  or  makes  it 
t«kii  hold  before  the  forward  stroke.  During  those  )>arts  of  tbe 
motion  of  the  driving  arm  and  click,  the  bell-crtnk  lever  stands 
•tiO;  ita  forward  iind  return  strokes  are  mnde  by  the  dnviog  arm 
{■vaiag  Bj^inst  the  studs  E  and  K  respectively. 

19fi.  PMibiF-AriiHK  ciich— This  18  the  contri\-ance  sometimes 
callod,  from  ita  inventor,  "the  lerer  oi'  La  Oi\roiisse."  It  consists 
of  two  dicks  making  alternate  strokes,  so  as  to  prodnce  a  nearly 
eontionoas  motion  of  the  ratchet  which  they  drive;  that  motion 
bring  iat«rmitt«d  for  nn  instant  only  at  each  reversul  of  the 
direction  of  movem<-nt  of  the  clicks.  In  fig.  148  the  clicks  act  by 
{mailing;  in  tig.  149,  by  pnlling.  The  former  arrangement  is  on 
tbe  wbole  the  best   adapted  to  coses  in  which  the  mccWoiMo. 
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requires  considerable  strength ;  Bath,  as  windlasses  on  board 
£aah  single  stroke  of  the  click-arms  advances  the  latchet  thnnigh 
one-half  of  its  pitch. 

Corresponding  points  in  the  two  figares  are  nuurked  witk  the 
same  letters;  and  as  fig.  148  contains  some  parts  which  do  not 


ng.U8. 

occur  in  fig.  149,  the  former  will,  in  the  first  place,  be  gefeoed  to 
in  explaining  the  principles  to  be  followed  in  desigiiiiig 
combinations. 

Let  the  figure  and  dimensions  of  the  ratchet-wheel  be 
and  let  A  be  its  axis,  and  B  B  its  pitch-circle;  that  is,  a 
midway  between  the  points  and  roots  of  the  teeth. 

Having  fixed  the  mean  obliquity  of  the  action  of  the 
that  is,  the  angle  which  their  lines  of  action,  at  mid-stroke^  an  to 
make  with  tangents  to  the  pitch-circle— <lraw  any  convenieot  ladrai 
of  the  pitch-circle,  as  LA,  and  from  it  lay  ofif  the  angle  LAD, 
equal  to  that  obliquity.  On  A  D  let  fall  the  perpendiBoIar  L  D^ 
and  with  the  radius  A  D  describe  the  circle  C  C;  this  will  he  tht 
hoBe-eircUy  to  which  the  lines  of  action  of  the  dicks  mn  t»  W 
tangents.  (As  to  base-circles,  see  also  Article  131,  peoe  ISL)  Jm 
off  the  angle  DAE  equal  to  an  odd  fmmber  Q/'<taMiM{f  fle^M» 

an^;  then  through  the  points  D  and  E  in  the  base-ciicle  dmw 
imnigeatt^  catting  eadh  ottier  in  F.    Draw  F  G,  bnecting 
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t,  O,  for  the  trace  of  the 
hich  carries  the  click-arm^ 


ftT,  and  take  aaj  coiiT«iiicQt  \xnnt 
)ins  of  motion  of  tlin  rocfcing-shaft 
From  O  let  fall  G  H 
and  G  K  perjjeudictt- 
lar     to    the    tangents 
F  D  H  and  E  F  Kj 
then  H  and  K  will  be 
the    positions  of   the 
orntrvs  of  motioa   of 
tlie  two  clicks  at  mid- 
rtroke;  nnd  G  H  and 
F  K  will  represent  the 
ilick-amie.    Let  I,  and   z 
M  be  the  points  where   7^ 
D  H  and  E  K  r^spec-  ^ 
lively   cut   the    pitch- 
circle;  then  H  L  and  Fig.  H8. 
K    M    will    be    the 

length*  of  the  two  dicks.  The  effective  stroke  of  each  click  will  be 
eqi^  to  half  the  pitch,  tu  mmmired  on  Oia  hatt-cirde  C  C ;  and  the 
tot&I  stroke  muat  be  aa  mnch  greater  as  ia  necessary  in  order  to 
■take  the  clicks  clear  the  teetli. 

Id  fig.  149,  where  the  clicks  pull  instead  of  pushing,  the  obliquity 
ia  notlting;  and  the  consequence  is  that  the  Inse-circle,  C  C,  coin- 
cides with  the  pitch-circle,  B  B,  and  that  the  points  L  aud  M  coin- 
e«]e  Rapectirely  with  D  nud  £. 

197.  VrtcMMHi  rucb.—Tbe  frictional  catch  (called  sometimeB 
tbe  "silent  feed-motion")  iassortof  intermittent  linkwork,  founded 
OB  t)ie  dynamical  principle,  that  two  eatfaces  will  not  alide  on  each 
otker  BO  long  aa  the  angle  which  the  direction  of  the  pressure 
■Xerted  between  th«n  makes  with  tlieir  conininn  normal  at  the 
place  where  they  touch  each  other  is  leas  than  a  certain  angle  called 
tlw  awyfr  of  repau,  which  depends  on  the  nature  of  the  surfaces, 
MXkA  their  state  of  roughness  or  siuoothnesB,  and  of  lubrication. 
^te  Binoather  and  the  better  lubricatt^  the  surfaces,  the  smaller  iR 
the  wigle  of  ivpoHe. 

In  trigoDometrical  language,  the  angle  of  repose  is  the  angle 
wka»  tsn^mt  U  etfutd  to  the  co-rfficient  of  Jrieiion:  that  is,  to  the 
iKtiO  which  the  friction  between  two  surfucea,  being  the  force  which 
iwala  diding,  bean  to  the  normal  pressure ;  or,  what  is  the  same 
tUnft  ik  >•  the  angle  whoM  wine  w  tqual  to  the  ratio  that  tKeJrietion 
htmn  to  tkt  mnllant  prttfuv  when  sliding  takes  plaoe.  The 
aabJMt  ot  friction,  and  of  th«  angle  of  repoae,  properly  belong  to 
tfc«  ^t—ieal  pATt  of  this  treatise,  and  will  be  mentioned  in  greater 
daMil  fartlier  on.  For  the  preaent  purpose  it  is  Bufficvent  \a  kWa 
tfast  tlw  ans  of  the  Aoglx  of  repoee  fax  metalUc  uui^owk  ia  ^ 


moderately  smooth  state,  and  not  lubricated,  as  dedaoed  from  flP 
experiments  of  Morio,  rangca  from  Old  to  0-2,  or  tlienkbomta;  ■ 
that  an  angla  wb<M 


nditu  nsT  be  em- 
■idered  iaie  ttm  Una 
the  angle  of  repOM  of 
anj  pair  of  BCtallie 
■nriacm  wltitji  arc  is 
the  above  '  meatinMd 
condition. 

The  frictional  eaxA. 
though  alwaj^  depend- 
ing on  the  principle 
juut  stated,  is  capablt 
-.  of  great  vaiie^  ia 
detail  The  unage- 
nient  repmenlc4  in 
tig.  150  is  ooMtractcd 
ill  the  following  am- 

Tlie  shaft  and  rim 
of  the  wheel  te  be 
act^  upon  an  tbown 
in  section.  A  E  ii 
the  catch-am,  havng 
a  rocking  tnoCitn 
about  the  axis  A.  rf 
the  wheel;  tU  liA 
bj  whidi  it  it  dri«tB 
is  rappoaed  to  be 
jointed  to  it  at  S; 
■-.     ---"  and  K'  K'  npnacnt* 

Fig.  lU.  the  stroke^    or  an  if 

motion,  of  tlM  peint 
K ;  M  that  K  A  K'  is  the  angular  stroke  of  tin?  catch-arm.  L  ii 
a  socket,  capable  of  slidin;,'  longitudinally  on  the  catcfa-«m  to  a 
small  extent;  a  nhoiildcr  lor  limitin^r  tlie  extent  of  Uiat  uMirr 
motion  is  ninfkcd  by  dotted  lines.  The  socket  nnd  the  putd 
the  arm  on  which  it  slides  should  be  square,  and  not  wimJ.  to 
prevent  the  socket  from  turning.  From  the  side  of  ti«  aetfat 
there  projects  a  pin  at  D,  from  which  the  catch  D  U  n 
M  is  ■  ... 


t  a  spring,  pressing  against  the  forward  side  of 
«  Mild  H  are  two  studs  on  the  catch,  which  grip  and  cmnj  ft 
the  rim,  B  B  C  C,  of  the  •«\xs\  imm^  the  forwanl  «trok(^  bf 
of  friction,  hut  let  it  go  during  ttrn  toWto  *hi)w. 


tbe  nkk. 


F 
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A  similar  frictional  catch,  not  tihown  in  the  fignre,  h&nging 
from  a  socket  oa  a  fixed  instead  of  a  moveable  arm,  at  any 
convenient  part  of  the  rim  of  the  wheel,  Kcnes  for  a  detent, 
f>  hold  the  wheel  still  during  the  return  stroke  of  the  moveable 

TTie  following  ia  the  graphic  constnictiou  for  dcteroiining  the 
pro|ier  position  of  the  studs  G  and  H  : — Multiply  the  radii  of  the 
onter  and  inner  surfaces,  B  B  and  C  C,  of  the  rim  of  the  wheel  by 
ft  co-efficient  a  little  less  than  the  sine  of  the  angle  of  repose — say 
f — and  with  the  lengths  bo  found  as  radii  describe  two  circular 
arcs  abont  A ;  the  greater  (marked  £)  lying  in  the  direction  of  for- 
WRTil  motion,  and  the  less  (marked  F)  "in  the  contrary  direction, 
Prom  D,  the  centre  of  the  pin.  draw  D  E  and  D  F,  touching  those 
two  area.  Then  G,  where  D  E  cuU  B  B,  and  If,  where  D  F  cuts 
O  C,  will  he  the  projwr  positions  for  the  pointB  of  cfintact  of  the 
two  studs  with  the  rim  of  the  wheel.  For  the  foree  by  which  the 
catch  K  driven  during  the  forvard  stroke  acts  throuj;h  D ;  that 
foTve  is  rewilved  into  two  components,  acting  along  the  linea  D  G  E 
nnd  F  H  D  respectively ;  and  those  Hues  make  with  the  normals  to 
the  rim  of  the  wheel,  at  G  and  H  respectively,  angles  less  than  the 
angle  of  repose  of  a  pair  of  metallic  surfaces  that  me  not  lubricated. 
tjboald  it  be  thought  desirable,  the  positions  of  the  holding  studs, 
or  of  one  of  them,  may  be  made  adjustable  by  means  of  screws  or 
otherwise. 

Tbe  Rtifiui'Hg  of  the  spring  If  ought  to  be  sufficient  to  bring  tho 
catch  quickly  into  the  holding  [lositiou  at  the  end  of  each  return 
•tmkc. 

The  length  of  stmkc  of  a  frictiomd  catch  is  arbitrar}-,  and 
may,  1^  suitable  contrivances,  be  altered  during  tbe  motion,  -  Con- 
trivancefl  for  that  puqmse  will  be  described  further  on, 

A  pair  of  frictional  catches  may  be  made  double-acting,  like  the 
double-acting  clicks  of  the  preceding  Article. 

19S-  M»«teJ  lIbIi,— A  slotted  link  ia  connected  with  a  pin  at  ona 
of  ita  ends,  not  by  a  round  hole  fitting  the  pin  closely,  but  by  an 
oblong  opening  or  slot  with  semicircular  ends.  This  is  an  example 
of  intermittent  linkwoik;  the  intermisston  in  its  action  taking 
phwe  during  the  middle  part  of  each  stroke,  while  the  pin  is 
diifiiiig  its  poaitioD  relatively  to  the  link  from  the  one  end  of  the 
slot  to  the  other.  That  intermission  takes  etfect  by  producing  a 
putoe  in  the  motion  of  that  piece  which  is  the  follower,  and  which 
may  be  either  the  jinfc  or  the  pin  ;  and  the  stroke  of  the  follower 
is  alioTter  than  that  of  the  driver  by  a[i  extent  corresponding  to 
tbe  lei^th  of  the  slot,  as  measured  from  centre  to  centre  of  ita  two 
Mmicitciilar  ends. 

199.  bmm  i,i»Ii».— Where  tension  alone,   and  not  ttvT^jfe, 
to  act  aJoe^  a  link,  it  may  be  flexible,  and  m&y  ooiuuAi 
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oi  ft  i^gle  band,  or  of  an  endUoa  buid  paHoiig  ranad  ft  pair 
of  ptUleya  which  turn  round  axes  tnveniiig  and  moring  witli 
Aa  ooonectod  pointB.     For  exami^  in  fig.  151,  A.  ia  tlie  axis 

of  a  Totating  shaft,  B  that  of  a  cnank-pin, 

C  the  other  connected  point,  and  B  C 
the  Hoe  of  connection;  and  the  connection 
ia  effected  hj  tneona  of  an  endleas  bond, 
passing  round  a  pullej  vhich  ia  centred 
'  npoD  C,  and  ronnd  the  crank-ptn  itseli^ 
which  acta  as  another  puUej.  Tiie  pollejs 
/  are  of  coune  secouduy  jueces;  and  the 
rnotitm  of  each  of  them,  belonga  to  the 
subject  of  ^gr^ate  combinations,  being 
compounded  of  the  motion  which  they  have 
along  with  the  line  of  connection,  B  C,  and 
of  their  reapectire  lo^tions  relatirelj  to 
that  line  as  their  line  of  centres;  but  the 
motion  of  the  points  B  and  G  is  the  some  as 
if  B  C  were  a  rigid  link,  provided  that  forces 
act  which  ke^  the  band  always  in  a  state 
of  tension. 

This  combination  is  used  in  order  to  leaen 
the  friction,  as  compared  with  that  which 
takes  place  between  a  rigid  link  and  a  pair  oi 
pins;  and  the  band  en^plojed  is  often  a  leather  chain,  of  the  kind 
already  mentioned  in  Article  176,  page  191,  becanw  of  its 
flexibility. 

Skttion  VIL — CottTteelion  by  Plitt  of  Cord,  or  hy 


Kg.  161 


200.  «(M(na  Ex»biMN*M.  {A.  i£.,  494.)— TkeooabinfttiDBof 
pieces  connected  by  the  several  pliee  of  a  cord,  rope,  or  (Aftin,  «m- 
sists  of  a  pair  of  cases  or  frames  called  Uodu,  each  containing  one 
OF  more  pulleys  called  Aeavea.  One  of  the  blocks  (A,  figs,  153,  lU]^ 
called  the  j£Md  Moot,  or /ail-bloei,  is  fixed;  the  other,  called  the 
fly-block,  or  TUtming  block,  B,  is  moTeable  to  or  from  the  fitU- 
block,  with  which  it  is  connected  by  means  of  a  rope,  or  Jmit,  at 
which  aaa  end  is  fastened  either  to  a  fixed  point  or  to  the  mnnini 
block,  while  the  other  end,  0,  called  the  hatUinff  part,  is  &«e;  ana 
the  iotemiediate  portion  of  the  rope  passes  alternately  rouad  the 
pulleys  in  the  fixed  block  and  running  block.  The  aeyersl  plies  of 
tbe  ropo  are  called  by  seamen  partt;  and  the  part  whicb  nm  its 
end  fastened  is  called  the  standing  part.  The  whole  oomfaiBfttioft 
is  called  a  taeUe  or  purehate.  When  the  hauling  part  ia  tbo  dnnr. 
Mad  the  mnning  block  the  follower,  the  two  blodn  ore  being  dnvs 
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^togpther:  when  the  muning  block  k  the  driver,  and  the  hauJiug 
part  the  follower,  llie  two  blonks  are  being  pulled  apsi-t. 

201.  TeiKUT-Baiia*.  (vl.  if.,  495,  ■196.)— The  wJoculy-Hrfwcbi^jr 
oonudered  in  a  purchase  is  that  bettreen  the  felocitiea  of  the 
nmning  block,  B,  and  of  the  hauling  part,  C.  Tliat  ratio  ia 
1  by  the  taitnber  of  pliei  of  rojie  by  wliioh  the 


c  »  <xino«ct«d  witli  tlie  &ll-bIoc^     Thus,  in  fig.  152,  C  -i 
=  7;  and  in  %  153,  C  -i-  B  =  6.     A  tackle  is  called  a  Mi^M^ 
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pwrehoM,  a  Qvretfdd  purc^uue,  and  so  on,  according  to  the  value  of 
the  velocity-ratio  C  -^  £.  For  example,  fig.  152  is  a  sevenfold 
purchase,  and  fig.  153  a  sixfold  purchase. 

The  vdoeUy  cfany  ply  or  part  of  the  rope  is  found  in  the  follow- 
ing manner: — For  a  ply  on  the  side  of  the  fall-block,  A,  next  the 
hauling-part,  C,  it  is  to  be  considered  what  would  be  the  velocity  of 
that  ply  if  it  were  itself  the  hauling  part :  that  is  to  say,  the  ratio 
of  its  velocity  to  that  of  the  running  block  is  expressed  by  the 
number  of  plies  between  the  ply  in  question  and  the  point  of  attach- 
ment of  the  standing  part.  For  a  ply  on  the  side  of  the  £dl-block 
furthest  from  the  hauling  part,  the  velocity  is  equal  and  contrary  to 
that  of  the  next  succeeding  ply,  with  which  it  is  directly  connected 
over  one  of  the  sheaves  of  the  fall-block.  If  the  standing  part  is 
attached  to  a  fixed  point,  as  in  ^g,  153,  its  velocity  is  nothing;  if  to 
the  running  block,  as  in  fig.  152,  its  velocity  is  equal  to  that  of 
the  block.  The  comparative  velocities  of  the  several  parts  of  the 
ropes  are  expressed  by  the  upper  row  of  figures.  The  lower  row 
of  figures  express  the  velocities  of  the  several  parts  relatively  to 
the  running  block. 

202.  Ordinarr  Form  of  PBiicy-Biocka.— A  block,  as  used  on  board 
ship,  consists  of  an  oval  9hdl,  usually  of  elm  or  metal,  containing 
one  or  more  pulleys,  called  slieaves,  of  lignum-vitsB  or  metal,  tunn- 
ing about  a  cylindrical  wrought-iron  pin.  The  round 
hole  in  the  centre  of  a  wooden  sheave  is  lined  with 
a  gun-metal  tube  called  the  hushing.  The  part  of  the 
sheave-hole  through  which  the  rope  or  chain  reeves 
is  called  the  swallow.  In  the  bottom  and  sides  of  a 
block  is  a  groove  called  the  score,  into  which  fits  the 
strop  or  strapping  of  rope  or  iron  by  which  the  block  is 
hung  or  secured  to  its  place.  Ordinary  blocks  con- 
taining one  pin  are  called  single,  double,  treble,  Ac, 
according  to  the  number  of  sheaves  that  turn  about 
that  pin  side  by  side.  Each  sheave  turns  in  a  separate 
hole  in  the  shell.  Fig.  154  shows  examples  of  the 
forms  of  iron  pulley-blocks  commonly  used  in  machineiy 
on  land.  A  is  a  treble  block ;  £,  a  double  block.  The 
block  £  has  an  eye  for  the  attachment  of  the  standiog 
part  of  the  rope. 

203.  Wkitc's  PaUcys.— When  the  sheaves  of  a  biodc, 
as  in  the  ordinary  form,  are  all  of  the  same  diameter,  they 
all  turn  with  different  angular  velocities,  because  of  the 
different  velocities  of  the  plies  of  rope  that  pass  over 
them.  But  by  making  the  effective  radius  of  e»A 
sheave  proportional  to  the  velocity,  rdaUvelp  io  tks 
ilock,  of  the  ply  of  rope  which  it  is  to  carry,  the  angular  velooitMS 
cf  the  sheaves  in  one  block  may  be  rendered  equal;  so  that  Am 


Fig.  164. 
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RaMvies  may  be  made  all  in  one  piece,  having  two  journals  wfaicli 
torn  in  fixed  beariogs. 

Them  are  called  "  White's  PuUeys,"  from  the  imentor ;  and  they 
are  represented  in  figs.  152  and  ld3,  page  21o :  having  been  chosen 
to  illastrate  tlie  general  principles  of  the  action  of  blocks  and  tackle, 
because  of  the  clearness  with  which  they  show  the  positions  of  all 
the   parts  of   the  rojje.  ^^ 

They  are  not,  however, 
tnnch  used  in  practice, 
because  the  unequal 
stretching  of  tliffercnt 
parts  of  the  cord  pre- 
vents the  combination 
from  working  with  that 
<legne  of  accuracy  which 
is  oeeeiAty  in  order  that 
any  advantMge  itiay  be 
utrtwined  by  means  of  it 
over  the  coiiiuk'h  con- 
stmclioD. 

301.   C-«t|t*>B4     Par. 

|i»rehaa«  conHists  of  u 
(rain  of  simple  put- 
rhases;  that  is  to  suy, 
tho  hauling  jnrt  of  ooc 
la^le  is  secured  to  the 
Fanning  block  of  another, 
and  au  on,  for  nny  nam- 
b«!r  of  tackles.  In  prac- 
Uce,  however,  the  number 
uf  tackles  in  a  compound 
(Kirchaae  is  nlmoBt  always 
two;  and  then  the  rope 
that  has  the  running 
block  secured  to  it  is 
osnaily  called  the  ;«»- 
datU,  and  the  ropo  thai 
is  directly  hauled  upon 
by  Inuid,  the  /all. 

Tbs  velocity-ratio  is, 
aa  in  other  tiains  of 
deineotary  com  bina  tionj 


I  product  of  the  velo- 


■  compound  pnrcbase  conaisU. 


to  the  elementary  or  simple  taukles 
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For  example,  in  ^.  155,  A  B<^  ii  a  twofi^  paidiaae;  mnd 
at  D,  its  pendant  is  secured  to  the  fly-block  of  a  threefold  par- 
diaae,  D  E  F,  whose  hauling  part  is  F  G.  The  vdocttj-niio  of 
B  to  B  is  2,  and  that  of  G  to  D  is  3;  so  that  the  y^ikKity-nHo 
ofGtoBisS  X  3  =  6;  and  the  oomponnd  pnrciMae  is  aix&ld. 

205.  m«r«  •"'  SpMe  «ei«ireJI  fiw  m  l^mm^mm  An  eleUMBtuj 
or  simple  purchase  requires  no  more  spaoe  to  work  in  than  the 
greatest  distance  from  outside  to  outside  of.  the  fixed  and  mnning 
blocks.  The  least  length  of  rope  sufficient  for  it  may  be  foand 
as  follows: — To  the  greatest  distance  between  the  centres  of  the 
blocks  add  half  the  effective  circumference  of  a  i^eava  (see  Artade 
166,  page  180);  multiply  the  aum  by  the  number  of  plies  of  lope 
which  connect  the  blocks  with  each  other;  and  to  the  product  add 
the  least  length  of  the  hauling  part  required  under  the  cirooin- 
stances  of  the  particular  casa 

A  compound  purchase  requires  a  length  of  space  to  work  in 
equal  to  the  whole  distance  traversed  by  the  fly-block  oi  the  last 
purchase  in  the  train  (viz.,  that  whose  hauling  part  is  free),  with 
a  sufficient  additional  length  added  for  the  blocks  and  their 
fastenings. 

206.  Obiiqnclr-ttciiiV  Tacktoi.— The  parts  of  the  rope  of  a  tackle, 
instead  of  being  parallel  to  eadi  other  and  to  the  direction  of 
motion  of  the  running  block,  may  make  various  angles  with  that 
direction .     For  example,  in  flg.  1 56,  B  is  the  running  block,  and  B  b 


Fig.  15G. 

its  line  of  vootion;  and  in  the  case  represented,  that  block „ 

from  two  paita  of  a  rope — the  standing  part,  B  A,  and  another 
part,  B  C.  To  find  the  velocity-ratio  of  the  hauling  part,  D«  to  the 
running  block,  B :  from  the  centime,  B,  of  that  blodk,  draw  atnu|^ 
lines,  B  a,  B  e,  parallel  to  the  parts  of  the  rope  by  wkieh  it  hanw; 
^t  aajr  conyenient  distance  from  B,  draw  the  strai^t  UneiiT  0 
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iutting    all  the  straight  lines   which 

rfi 
asB5-.i8toBa+Bc, 
;  :  80  ia  tLe  velocity  of  B 
:  to  the  velocity  of  D; 
and  the  same  rule  may  be  extoided  to  any  uumber  of  parts,  thai: 
rdocity  of  D  anm  of  lengths  cut  off  on  lines  diverging  from  B 
Telocity  of  B  "  iii  ■ 

Tii«  combination  belongs  to  Class  B;  because,  owing  tci  the  con- 
tinual variationof  the  obliquity  of  the  parts  of  the  rope,  the  velocity- 
tatio  is  continually  changing. 

20fi  A.  TiUer-BaiMK.— The  tiller  of  a  ship  is  a  horismtal  lever 
piojactiiig  from  the  rndder-head,  by  means  of  which  the  position  of 
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the  rudder  is  adjuRtcd.  It  usually  pointa  forward;  tliat  U,  ii 
coQtrary  direction  to  tbe  rudder  iUelf.  In  ships  of  war  the  U' 
usually  put  over,  or  moved  to  one  side  or  to  the  other,  by  meai 
pair  ot'  obliquely-actiug  twofold  tackles,  made  of  raw  bide  fi 
which  haul  it  respectively  to  starboard  (that  is,  towards  the  t 
and  to  port  (that  ia,  towards  the  left),  when  required.  The  ' 
parte  of  both  tackles  are  guided  by  fixed  pulleys  so  as  to  li« 
in  opposite  directions  round  one  barrel,  which  is  turned  \>f  a 
of  the  steering-wheel.  * 

Fig.  150  A.  is  a  plau  of  this  comhinatioo.  A  ia  the  rudder-had; 
A  B,  the  tiller,  shown  as  amidships,  or  pointing  right  ahe*d; 
D  E  F  G  ia  the  starboard  tiller-rope;  D'  B  T  G',  the  jmrl  tillw- 
rope.  These  rojies  are  mude  fiist  to  eye-holts  at  D  and  I>;  at  D 
they  are  rove  through  blocks  that  are  uecured  to  thu  tiller;  at  F 
and  F'  they  are  led  round  lixed  {nilleys;  and  G  and  Can-  tlicir 
hauling  parts,  which  are  led,  by  means  of  pulleys  which  it  is  unne 
cessary  to  show  in  the  figure,  to  the  barrel  of  the  ste«rine-wIweL 

A.  b  is  the  position  of  the  tiller  when  put  over  about  iif  to  stv- 
board  ;  uiid  the  cnrrespondiug  positions  of  the  tiller-ropea  tre 
D  6  F  G  and  D'  6  F  G'. 

In  order  that  the  tiller-ropes  may  never  become  too  alad:.  ii  i< 
necciwai?  that  tlie  sum  of  the  lengths  of  their  several  parta  ibusli 
be  nearly  conataut  in  all  positions  of  the  tiller;  that  ia  to  oaj,  t^ 
wo  should  have,  in  all  poaitionn, 

D  6  -^  6  F  -H  D'  6  -1-  6  F  nearly  =  2  (D  B  ■^  B  F). 
That  oliject  is  attained,  with  a  rough  approximation  safficieiittar 
practicul  purposes,  by  udjuKting  tbe  positions  of  the  point*  D,  D', 
and  F,  F,  according  to  the  following  rule; — 

Rl'LE. — About  A,  with  the  radius  A  ii,  describe  a  circle.    Hikt 

AC  =  .J  A  B;   and  through  C,  perpendicular  to  A  II,  dnw  a 

straight  lino  cutting  that  circle  in  D  and  D'.     These  will  1w  tk 
ixiiuta  ut  which  the  staudiug  parts  of  thu  riijiea  are  to  be  maiii  bt 

Then  produce  A  B  to  E,  makicgBE  ^  p  A  B;  and  thnxi^  K 

Iierpendicular  to  A  B  E,  draw  P  E  F,  making  E  F  =  E  T=7 

CD;  F  and  F  will  be  the  stations  for  the  fixed  blocks 

When  the  angle  B  A  6  is  about  40°,  the  sum  of  the  leBgtbi^ 
the  jiarts  of  the  ropes  ia  a  little  greater  than  when  th«  ukc  ■ 
amidships ;  but  the  diderenco  (which  is  about  one-50tb  put  at  IW 
length  exprcsited  in  the  preceding  equation)  is  not  so  grMt  ■  tp 
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any  ineoDveuient  increase  of  tightness.  For  angles 
uding  30°  tbe  approximation  to  unilonnity  of  tightui 
jinely  close. 

Sbcttok  Yin. — Hydravlie  Conneelio 


—The  kind  of  com- 
hicatioDS  to  which  the  present  section  relates  are  those  iu  which 
two  Gjliodere  fitteii  with  moveable  pistons  are  connected  with  each 
otber  bj  a  paaange,  and  the  space  between  the  pistons  is  entirely 
filled  with  a  mass  of  fluid  of  invariable  Tolnme. 

Any  li(](iid  maio  may  be  treated,  in  most  practical  questions 
nspecting  tbe  traDsmission  of  motion,  as  if  its  volume  were  in- 
Tftnable,  beeanse  of  the  smallness  of  the  change  of  volume  produced 
ia  &  liquid  by  any  possible  change  of  pressure.  For  example,  iu 
the  cue  of  water,  the  compression  produced  by  an  increase  in  the 
intensity  of  the  pressure  to  the  extent  of  one  atmosphere  (or  14'7 
lb>.  on  the  square  inch),  is  only  one-20,000th  jmrt  of  the  whole 
Tolome.     (See  Article  66,  page  75.) 

The  volume,  then,  of  the  mass  of  fluid  enclosed  in  the  space 
between  two  pistons  being  invariable,  it  follows  that  if  one  piston 
(tbe  driver)  moves  inwards,  sweeping  through  a  given  volume,  the 
otber  piston  (the  follower)  must  move  ontwarda,  sweeping  through 
on  exL&ctly  eqnal  volume ;  otherwise  the  volume  of  the  space  con- 
tained between  the  pistons  would  change;  and  this  is  the  principle 
uponwbich  the  comparative  motion  in  hydraulic  connection  dependa 

208.  Cirlliiden,  PtMasi,  ond  PlmiBcn. — A  piston  is  ft  primary 
|»M^  sliding  in  a  vessel  called  a  cylinder.  The  motion  of  the  piston 
is  most  commonly  stimight;  and  then  the  bearing  sui'laces  of  tbe 
piatoD  uid  cylinder  are  actually  cylindrical,  in  the  mathematical 
aetue  (^  that  word. 

Wlien  the  motion  of  a  piston  is  circular,  the  bearing  mirfaces 
of  the  piston,  and  of  the  vessel  in  whicli  it  slides,  are  surfaces  of 
revolntion  described  about  the  axis  of  rotation  of  the  piston;  but 
th»t  vowel,  in  common  language,  is  still  called  a  e^/int^,  altbongh 
itfl  Sgar«  may  not  be  cylindricnl. 

A  plungtr  is  distinguished  from  an  ordinary  piston  in  the  follow- 
ing way: — The  bearing  surface  of  a  cylinder  for  a  plunger  consists 
tomJy  of  s  toUor,  of  a  depth  sufficient  to  prevent  tlie  fluid  from 
nofsping;  and  the  plunger  slides  through  that  collar,  and  has  a 
besmg  maface  of  a  length  equal  to  the  depth  of  the  collar  added 
to  Uw  length  of  stroke;  so  that  during  the  motion  difTerent  parts 
of  tbp  surface  of  the  plunger  come  auccesKivety  into  contact  with  the 
nne  anr&ce  of  tbe  culkr.  On  the  otiicr  hand,  an  ordinary  piston 
lias  a  bwring  snrface  of  a  depth  merely  sufficient  to  prevent  tbe 
fluid  from  escaping;  and  the  cylinder  haa  a  Iwaring  &ui;fs.ce  tA  % 
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length  equal  to  tlie  depth  of  that  of  the  piston  Added  to  Uie ' 
of  stroke ;  bo  timt  during  the  motion  the  Bame  mrtkce  of  dift 
comes  into  coDtacb  HQCceaaiTely  with  different  part*  of  tba  ■ 
of  the  cylinder.  For  example,  in  fig.  157,  A  is  a  plonger, 
through  the  collar  B  in  the  cylioder  C ;  and  in  fig;  158,  A  m 
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ordinaiT  jiiston,  working  in  the  cylinder  R  The  kction  of  fhafBi 
and  of  ordinary  pistons  in  traosmitting  motion  is  exactly  we  ■■•; 
and  in  stnting  the  generul  principles  of  that  mctioB,  tbt  wari 
pinion  is  used  to  include  jiliingers  as  well  as  ordinaiy  piatoiK 

Tlie  volume  noe^t  by  a  piston  in  a  given  time  is  tbe  pndndrf 
two  factors — transverse  area  snd  length.     Tbe  Iiiiiim»iim  «■  > 
that  of  n,   [ilane   bounded   by  the  bearing  «ur£koe  tt  ( 
and  cylinder,  and  normal  to  tbe  direction  of  motion  vt  fl 
po  tliat  it  cuts  that   sur&ce   everywhere  at   right  aa^ 
straight- sliding  piston  that  plane  is  normal  to  tlw  ■ 
cylinder;  in  a  piaton  moving  circularly,  it  tra 
rotation  of  the  piston:   in  other  words,  the  ara&  m   ihat  rf4 
projection  of  the  piston  on  a  plane  normal  to  ita  t' 
motion. 

W^hcn  the  Taotion  nf  the  piaton  is  stntigfat,  the  Ji 
volTiire  swept  throiigh  ia  sam^X^  \iiE  d5s<«nce  mored  by  ■ 
of  the  pi»toa.      Whea   \ib«  latAium  u  Qx<:>£ax,  >S«^  1 
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I  distMKe  moved   through 
o  hmg  as  Ae  transverse 


the  centre  of  the  area  of  the 


ind  length  of  the  apace  swept  bj 

s  obvious  that  the  ionu  of  the  ends  of 

tut  [riibon  does  not  affect  the  volume  of  that  Bpocre. 

I      "When  the  space  in  the  cylinder  which  contains  the  fluid  acted 

Itoi  bj  ft  piston  ia  traversed  bj-  a  piiion-rod,  the  effective  transverse 

PBirm  is  equal  to  the  tranverse  «rea  of  the  piston,  with  that  of  the 

I  Md  anbtracted.     For  example,  in  ^.  158,  the  npper  division  of 

(be  cylindeT  is  traversed  by  the  pisttS-rod  C,  working  through  the 

etaffing-box  D ;  bence  the  elfective  tfanaverse  a[«a  in  that  division 

of  the  cylinder  is  the  difference  between  the  transverse  areas  of  the 

jwtoa  A  and  rod  0.     In  the  lower  division  of  the  cylinder,  where 

tben  is  no  rod,  the  whole  transverse  area  of  tlie  piston  ia  effective. 

A  trvTtk  acta  in  this  respect  like  a  piston-rod  of  large  diametei^ 

209.  CaBpmrmiire  Tdaelile*  of  VMarn* — From  the  equality  of  the 
roliimes  swept  through  by  a  ]iair  of  pistons  that  are  connected  with 
each  other  by  means  of  an  intervening  fluid  masa  of  invariable 
volume,  it  obviously  follows  that  tin  velociliea  of  tlte  pUlojia  ara 
iiircrtdy  at  thtir  trangverne  arena. 

The  traji9ve»e  areas  are  to  be  measured,  aa  stated  in  the  i)re- 
ci-iling  Article,  on  planes  normal  to  the  directiona  of  motion  of  the 
pistons :  and  when  the  motion  of  a  piston  ia  circular,  the  velocity 
referred  to  in  the  rule  in  that  of  the  centre  of  its  transverse  area. 

Let  A  B»d  A'  denote  the  transverse  areas  of  the  two  pistons 
iDarked  with  those  letters  in  flg.  159.  page  334,  and  v  and  v*  their 

V       A 
Tdocities;  then  their  velocity-ratio  is  -  =  --^ 

As  the  velocity-ratio  of  a  given  pair  of  connected  pistons  ia  con- 
■tnnt,  th«  combination  belongs  to  Willis's  Class  A. 

SIO.  c«»pM»«iTg  TeiociUM  of  fihIJ  punicin.— It maysometlmea 
b«  nqnired  to  find  the  comparative  mean  velocities  with  which 

'  To  Dnil  the  ilitrtancc  of  tlio  centre  of  a  plane  ama  from  an  azU,  in  the 
|ilace  tt  that  nrta;  divide  tbu  nrca.  by  lini^e  paralltl  to  that  axi»,  into  a 
nombcT  of  iiaiTOw  buida;  let  if  3^  be  the  breodtli  iii  one  of  those  bands,  nod 
J  ita  len;^! ;  then  y  d  la  the  area  of  that  bond ;  and  \  y  d  x  a  the 
wbole  ana.  Let  z  be  the  dialaoGe  &oni  tho  uis  to  the  centre  of  the  bood 
jfdxi  Ums  X  f  d  X  ia  tha  fftotttflrKal  moment  of  that  band,  and  I  xg  d  x 
ia  th«  fgeametncal  moment  of  the  whole  aies  relatively  to  the  axis ;  which 
iDonMit,  being  divided  by  the  ateo,  givca  the  required  diatance  of  the  ceotie 
•f  ()M«nk£mD  the  axis,  vix., 

■gf^i - -•  (See  Article  S93,  Face  3M.} 


I 

I 
I 
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the  fluid  parti(^le«  flow  tlu-nugU  s.  given  wction  or  the  paaag«  wlaA 
CODnecte  a  pair  of  piatona;  it  being  undentood  that  tb«  noa 
velocity  of  flow  tliroiigh  a  given  Bection  of  the  passage  deootca  tha 
mean  value  of  the  component  velocities,  io  a  direction  aormal  la 
that  section,  of  all  the  particlea  that  pass  through  it.  Pram  At 
{act  that  in  a  given  time  equal  volumes  of  fluid  flow  through  tH 
sectional  surfaces  that  extend  completely  across  the  paiaage,  it 
follows  that  the  mean  velocity  of  ftaio  Ihrough  any  such  ttction  « 
inversdy  at  its  area  (a  principle  already  stated  in  Article  S8,  ^ge 
76);  and  thin  principle  applies  to  all  possible  sections,  tiwwvene 
and  oblique,  plane  and  curved. 

For  example,  in  fig.  159,  let  B  denote  the  are*  of  a  tnuimn* 
section,  B  B,  of  the  passage  which  connects  the  two  eylindtni  aid 


«  the  mean  velocity  with  which  the  particles  of  fluid  floi 
that  section;  then  v,  as  before,  being  the  velocitj  of  ) 
whose  transvene  area  is  A,  we  have 


Also,  let  C  denote  the  area  of  an  oblique  section,  C  C,  otl 
and  to  the  mean  component  velocity  of  the  fluid 
direction  normal  to  that  section;  then 


211.  I7«e  sr  TatT(»— ■■iTTMlucBt    Hrdniiltc   CHsrcUaa.— Tslm 

uv  aaed  to  regulate  tlie  comumnic&\^iv  q£  xu^vo-^^l 


[  and  abattitig  passages  through  which  the  tluid  flows. 
pie,  a  cylinder  may  be  provided  with  valvea  whicli  ahall 
!  fluid  to  flow  in  through  one  postiagc,  tind  out  through 
aoottifT.     Of  thia  use  of  valves  two  cases  may  be  distinguished. 

L  WIten  the  }nUon  drives  tin  flxiid,  the  valvL's  may  be  what  is 
call«d  td/'-ading;  that  is,  moved  by  the  fluid.  If  there  be  two 
paxMgcs  into  the  cylinder,  one  provided  with  a  valve  opening 
inwutls,  and  the  other  with  a  valve  opening  outwards,  then, 
tforing  the  ontward  stroke  of  the  piaton,  the  former  valve  is  opened 
ud  tlie  latter  abut  by  the  inward  pi-essure  of  the  fluid,  which  flows 
'b  throDgh  the  former  passage;  and  during  the  inward  atmke  of 
,  the  piston  the  former  valve  in  shut  and  the  latter  opened  by  the 

itward  presBure  of  the  fluid,  which  flows  out  through  the  latter 
This  combination  of  cylinder,  piston,  and  valves  con- 

Wtea  a  pump. 

II.  Whtn  lii«  Jluul  drives  the  piston,  the  valves  must  be  opened 
VMd  chat  by  mechanism,  or  by  hand.  In  this  case  the  cylinder  ia 
S  IMrltii;  cylinder. 

'  '  I  by  the  aid  of  valves  that  inttrm'Utent  hydraulic  connection. 
D  two  pistons  is  efiected ;  and  the  action  produced  is 
snaJogons  to  that  of  the  click,  ratchet,  and  dttent,  in  intermittent 
Hnk-work. 

For  example,  in  the  Hydraulic  Press,  the  rapid  motion  of  a  small 
pjnngcr  in  a  pump  canses  the  slow  motion  of  a  large  plunger  in 
a  WMking  cylinder;  and  the  connection  of  the  pistons  is  made 
tBterTnltt«nt  by  means  of  the  discharge  valve  of  the  pump;  being 
»  T&lve  which  opens  outwards  from  the  pump  and  inwards  a^ 
nj^rda  tlie  working  cylinder.  The  pump  draws  water  from  a 
naa\mT,  and  forces  it  into  the  working  cylinder:  during  the 
inward  stroke  of  the  pump  plunger,  the  plunger  of  the  working 
CTlinder  moves  outward  with  a  velocity  as  much  leas  than  that  of 
tlw  pomp  plunger  as  its  area  is  greater.  At  the  end  of  the  inward 
■troke  oi  the  pump  plunger,  the  valve  between  the  pump  and  tlio 
working  cylinder  closes,  and  prevents  any  water  from  returning 
fnm  the  working  cylinder  into  the  pump;  and  it  thus  answers  the 
ptirp<isn  of  the  detent  in  ratchct-work  (see  page  206).  During  the 
outward  stroke  of  the  pump  plunger  that  valve  rcmadns  shut,  and 
lite  plunger  of  the  working  cylinder  stands  still,  while  the  pump  is 
■nio  filling  itself  with  water  through  a  valve  opening  inwanlx. 
Wbea  tho  piston  of  the  working  cylinder  has  flniahed  its  outwanl 
(ttvke,  which  may  be  of  any  length,  and  may  occupy  the  time  of 
aoj  number  of  strokes  of  the  pump,  it  is  permitted  to  be  moved 
JavmrdB  again  l:^  opening  a  valve  by  hand  and  allowing  the  water 
locaatpe. 

A  hfdnulic  press  is  often  furnished  with  two,  three,  or  more 
\,  awking  their  inward  strokes  in  succeBsion,  and  w>  ^coi\u»&l: 


I 

I 


«  continuous  motion  of  the  working  plunger, 
the  double-acting  click  (page  209 J. 

211  A.  viniMa  CjUm*m  «d  PW>H>, — Bj  an  eztcnmoB  d  tk 
use  of  the  word  "cylinder,"  it  maj  be  made  to  ioctade  Teodi  mdc 
wholly  or  partly  of  a  flexible  mat^ritit,  which  aiisirer  tlie  yiupiaK 
of  a  cylinder  with  its  piston,  by  altering  their  sliaps  and  intctml 
capacity ;  such  as  bellows.  Queetions  as  to  this  claM  of  natk 
may  be  approximately  solved  according  to  purely  geometokil 
principles,  by  assuming  the  flexible  material  of  whid  tb^  an 
made  to  be  iuoxtensible. 

In  bellowB,  and  pumps  constracted  on  the  principle  of  bdltw^ 
tlie  vessel  must  have  at  least  a  pair  of  rigid  ends,  wUoh^  Ui'bh, 
moved  alternately  from  and  towards  each  other,  answer  the  pwiynw 
of  a  piston.  If  tho^ie  ends  are  equal  and  simitar,  and  aMaaeted 
together  by  sxdvs  tliat  may  be  nsiiumed  to  be  ineztauiUa  wai 
perfectly  flexiblo,  the  volnme  of  fluid  alternately-  dmwn  in  wad 
forced  oat  may  be  taken  as  nearly  equal  to  the  area  «(  oh  «■! 
multiplied  by  the  distance  through  which  the  centre  of  nw  if  ■■ 
cod  moves  alternately  towards  and  from  the  other  end. 

Another  example  is  fui-ntshed  by  a  kind  of  pump,  in  wUdi  a 
circular  oriGce  in  one  of  the  sides  of  a  box  is  dooed  bj  a  '^i'  '^ 
disc  of  smaller  diameter,  and  a  bag  in  the  form  of  a  corneal  bmfm 
of  leather,  or  some  other  suitable  material — the  inner  edgs  of  tba 
leather  being  made  feat  to  the  disc,  and  the  outer  ed^  K»  Ifca  cv- 
cumference  of  the  orifice.  In  working,  the  disc  is  moved  alhwattly 
inwards  and  outwards,  so  as  to  draw  the  conical  ba^  t>8^  * 
opposite  directions  alternately.  To  find  the  virtual  ana  of  pilM> 
add  tt^cther  the  area  of  the  disc,  the  area  of  the  orifioe,  ana  Imt 
times  the  area  of  a  circle  who.se  diameter  is  the  half  wia  tt  tk> 
diameters  of  the  disc  and  orifice,  and  divide  the  aum  bf  mx. 
That  virtual  area,  multiplied  by  the  length  of  stroke,  givea  BMify 
the  volume  of  flnid  moved  per  ibvke. 

In  Bourdon't  pumpt  and  engines  an  elastic  metnl  tnbc^  «f  a 
flattened  form  of  transvene  section,  is  bent  so  as  to  prcn 
figure  of  a  circular  arc     The  intmial  capaci^  of  tha  t 
varied  by  alternately  admitting  and  expelling  flnid;  tba  a' 
which  is  to  flatten  the  curvature  of  the  tube  w" 


increased,  and  to  sharpen  tbat  curvature  when  that  tmmii^  b 
dinoinialied ;  so  that  if  one  end  of  tbe  tube  is  fixed  in  puAtuii  ni 
dueetion,  the  odier  end  has  an  oedllating  motion. 

In  %  81,  page  lU,  tbe  ar«  A  D,  A  IT,  A  D'  may  ba  MktM 
to  rerraeiit  saooeesive  positions  of  the  tube ;  A  being  iU  fixa4  «*ii 
and  D  it»  moveaUe  end.  The  path  of  the  moveable  end,  DtfV, 
is  nwirly  an  ni-c  of  a  circle  of  the  radius  C  G  =  J  of  the  iMg*  rf 
th«  tube.  The  eapac\t\«s  of  the  tabs  in  its  auvenl  dilbntf  foi- 
tioDa,  A  D,  A  IV,  ATT,  tc.,  v»n  twAj  \ftth«wwr^rlw  JFlii 
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are*  G  D,  G  D',  G  D",  Ac. ;  so  that  if  the  capacity  of  the  tube,  whea 
in  a  given  position,  is  known,  we  can  calculate  ita  capfkctty  in  onj 
olber  position,  and  tbo  volame  of  fluid  admitted  or  expelled  in 
paaung  from  Any  given  position  to  an^  other.* 

Sectios  IX. — Miseellaneotts  Prineiplee  respecting  Traing. 

212.  cumnrtiag  Tnii».~The  essential  principles  of  a  tmia  of 
mccbaDiflm  have  been  stated  in  Article  93,  page  60.  Two  or 
more  tninn  may  converge  into  one ;  that  is  to  saj,  two  or  more 
primaiy  pieces,  which  are  followers  in  different  trains,  may  all  act 
u  drivers  to  one  primary  piece.  In  aucli  cases  the  comparative 
notion  in  each  of  the  etementAiy  combinations  formed  by  the  oae> 
(bllower  with  its  several  diivera  is  fixed  by  the  nature  of  the 
connection;  and  thus  the  comparative  motions  of  all  the  pieces  are 
tiEtermined.  As  an  example  of  Bonvei^ng  trains,  we  may  take  a 
Oompoand  steam  engine,  in  which  two  or  more  pistons  drive  one 
■baft,  each  by  its  own  connecting-rod  and  crank. 

213.  nimxiiit  Tratafc— One  train  of  mechanism  may  diverge 
into  two  or  more;  that  is  to  say,  one  primary  piece  may  act  as 
driver  to  two  or  more  primnry  pieces,  each  of  which  may  be  the 
commencement  of  a  distinct  train.  In  this  case,  as  well  as  in  that 
of  eoDTei^ng  trains,  the  comparative  motions  of  all  the  pieces  are 
determined. 

Suunplea  of  diverging  trains  might  be  multiplied  to  any  extent. 
One  of  tlie  most  commou  cases  is  that  in  which  a  number  of  difler- 
cnt  machines  in  a  factoiy  are  di-iven  by  one  prime  mover;  all 
Ukmb  iiMcbniea  are  so  many  diverging  trains.  In  many  instances 
tlten  are  diverging  trains  in  one  machine  ;  thns  in  almost  every 

'  Lat  A  D'  be  tllo  ptwilion  for  which  the  capndty  of  the  tube  ia  known, 
m4  let  V  be  that  cupBcity.    Let  A  D  and  A  D   be  the  pontions  of  the  take 
■1  tlu  two  end*  at  iti  strokes  i  let  V  and  V*  be  the  correspondifiecapuntieii 
let  the  leoztbi  of  the  >rc«  Q  D,  O  D',  O  D'  be  denotedlty  (,>',<' 
llieti  we  h«T( 


napttiveiy.    Then  we  have 
T  J  =.  V  «-  =  V 


1      1 


...(1.) 


MVoteM  of  flndadmittBd  or  expelled  at  each  stroke  ii  •«  fidlowi :- 


^^HHw  kngtb  of  stroke  of  the  point  D  iat  —  >';  heoce  the  apparatnt  may 

^^^p  mganlrl  la  cq^BivaleDt  to  a  cylinder  and  piston  of  that  length  of  stroke, 

a^  M  tlw  IbnowiDg  tnntverse  area: — 
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machine  tool  there  are  at  least  two  divex^ging  trains-^one  to  pro- 
duce the  cutting  motion,  and  the  other  the  feed  motion. 

214.  TraiM  fmr  dImlMtohins  FtacOwilMw  mt  Spcedl.— The  fluctua- 
tions in  the  velocity-ratio,  when  a  reyolving  and  a  reciprocating 
point  are  connected  by  means  of  a  link,  have  been  stated  in  Article 
184,  pages  196,  197,  and  in  Ai-ticle  188,  pages  199  to  201.  In 
some  cases  it  is  desirable  that  the  velocity-ratio  of  a  reciprocating 
point  to  a  revolving  point  should  be  more  nearly  uniform.  For 
this  purpose  a  train  of  two  combinations  may  be  used, — the  first 
primary  piece  being  a  rotating  shaft,  which  may  be  called  A;  the 
second,  another  rotating  shaft,  which  may  be  called  B;  and  the 
third,  the  reciprocating  piece,  C.  The  connection  of  A  with  B  is 
by  means  of  a  pair  of  equal  and  similar  two-lobed  wheeb  (see 
Article  109,  page  97);  and  a  crank  on  B,  by  means  of  a  connecting- 
rod,  drives  C.  The  two-lobed  wheels  are  to  be  so  placed  that  the 
shortest  radius  of  the  wheel  on  B  shall  be  in  gearing  with  the 
longest  radius  of  the  wheel  on  A  at  the  instants  when  the  crank  is 
passing  its  dead-points.  The  sesult  to  be  aimed  at  in  the  arrange- 
ment is,  that  each  quarter-atroke  of  C  shall  be  made  as  nearly  as 
possible  in  the  time  of  one-eighth  of  a  revolution  qf  A;  and  in  order 
that  this  may  be  the  case,  the  following  should  be  the  angles  moved 
through  by  the  two  shafts  respectively  in  given  times : — 

ShaflA, o^        45"*        90*         135'         i8o' 

Shaft  B,  commencing  at  j 

a  dead-point  of  thej-o®         60**         90*         120®         180* 

crank, ) 

Hence  it  appears  that  B  is  alternately  to  overtake  and  to  &11 
behind  A  by  15^.  This  angle,  then,  being  given,  the  roles  of 
Article  109,  page  98,  are  to  be  applied  to  the  designing  of  the  pitdi- 
lines  of  the  wheels.  The  greatest  and  least  radii  of  those  wheds  are 
approximately  0*634  and  0*366  of  the  line  of  centres  respectively. 

The  followiug  are  the  comparative  velocities,  at  different  instants, 
of  a  revolving  point  in  A  at  a  given  distance  from  its  axis,  of  a 
revolving  point  in  B  at  the  same  distance  from  its  axis,  and  of  a 
point  in  C  connected  by  a  very  long  link  with  the  point  in  B  *: — 

*  Mr.  Willis,  in  his  Treatiae  on  Mechanitm,  investigmtes  the  fignres  of  a  nur 
of  wheela  on  A  and  B  for  giving  exact  uniformity  to  the  ratio  C  -^  A  Tbc 
eanations  are  as  follows :— Let  e  be  the  line  of  centres ;  r,  a  Fadias  of  the 
wheel  on  B,  makins  the  angle  6  with  the  shortest  radius ;  r',  the  oorre^oodiag 
radios  of  the  wheel  on  A,  making  the  angle  O'  with  the  longest  radius  of  thii 
wheel;  then  we  have 

tr  sin  6         -  j  ^      *  . j>_  a 

irsintf  +  2  r,  •«»»  g     ▼«»«». 

'■riQii  points  out  that  the  forms  of  the  pitch-lines  jpven  by  the  eqaalMBi 
maotice  be  slightly  modified  at  the  points  which  gear  togeibor  when 
K  is  at  its  dead-poiuta. 
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Angles  inovej  through)      ^„         ^^„        ^^<,        ^^^,       ^g^^ 

Vilocity-ratio  B  -^  A,     i'73i     0866     0577     0866     1-731 

Velocity-ratio  C  ^  B,        o        0866     1000     0866         o 

Velocity-ratio  C  -r  A,        o        0750     0577     0750         o 

Heu)  value  of  each  of  the  Telocity- ratios  C  -^  B  and  C  -^  A,  Q•63^. 

A  similar  oiljustmcnt  may  be  made  by  connecting  the  shafts  A 
kod  B  by  means  of  an  universal  joint  {Article  191,  page  203);  the 
fork  on  the  shaft  B  being  so  pluced  as  to  have  itu  plane  perpeo- 
dicalar  to  the  plane  of  the  axes  wlien  the  crank  is  at  it^  dead-points; 
the  Angle  made  by  those  axes  with  each  other  should  be  that  irhosc 
cosibe  ie  0'57T.  viz.,  541°- 

The  Double  Hooke's  Joint  (Article  1^2,  page  205)  is  an  example 
of  »  train  in  which  the  fluetaation  of  the  velocity-nttio  is  corrected 
exactly. 


I 
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ui-jed  i 


Ctasaa. 


SIS.  Shjni  cf  ihl*  SectlBH.— In  the  preceding  sections  the  various 
cJemcntary  conibinations  in  mechanism  have  been  urnitiged  accord- 
ing to  the  mode  of  connettioii.  The  object  of  the  present  section 
is  to  ipve  a  list  of  such  combinations,  arranged  according  to  Mr. 
Willis's  system — that  is,  according  to  tho  compnrative  motion — 
with  references  to  the  previous  Articles  and  pages  of  this  treatise, 
wbere  tlie  several  combinations  are  desciibed.  Two  deviations 
fjfotn  or  modifications  of  Mr,  Willis's  system  are  used;  first,  Uie 
additaoD,  at  the  commencement  of  each  Clsss,  of  references  to  places 
where  the  comparative  motions  of  two  points  in  one  primary  piece 
arc  treated  of;  and  secondly,  the  placing  of  corabinationn  in  which 
the  connection  is  intermittent,  iu  a  claHs  by  tbemselves,  entitled 


316.    Class    A.      Dlncll«Bl.B«lBU*a  CmmUbi  — VeUcltr-B 

ft  COMBHIATIONE. 

^L  Veloeiti/Satio  that  of  Equality  alone. 

^L 

^^nir  of  PoinU  in  one  straigh tending  Frimary  Piece,  43 

^^Kdiog  Contact,  Oldham's  Con ;>ling, IS^ 

^HSbods,  eqnal  and  similar  Non-circular  Pulleys, 167 

^linkwork,  Conpled  Parallel  Shafto >8i 

'                „          Drag-link:    Shaft*  in  one  straight  line,  i8a 

„           Double  Hnoke's  Joint, I9> 

„          Double  Uooke-Md-Oldham  Coupling '  193 
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Any  ConHaafU  VdocUy-RoHo. 


Pair  of  PointB  in  one  RotalaDg  Priaiai^  Piece,. 
Pair  of  Point!  in  one  Screw, 


Boiling  Contact:   Ciicolar  Toothless  Wheels  and 
Becton,  and  Straight  Backs, 

Boiling  Contact:  Frictional  Oeavingy 


Sliding  Contact;    Gbcnlar    Toothed    Wheeb   and 
Sectors,  and  Straight  Backs, 


I 


53 
60 

lot 

to 

106 

III 


Sliding  Contact :  Screw  Glaring, 


Bands  and  Pulleys,. 


Blocks  and  Tackle, . 


Hydraulic  Connection :  Pistons  and  Cylinders, 


217.   Class  R 


Mean  VdocUy-RcUio  thai  of  BqualUy  oloiM. 

Boiling  Contact :  Smooth  Elliptic  and  Lobed  Wheels,  <    ^ 

^ding  Contact :  Toothed  Elliptic  and  Lobed  Wheels,  1 43 

„           „          Pin  and  Slot  Coupling, 159 

Crossed  Cord  and  Elliptic  Pulleys, 175 

lankwork:  Drag-Link, i8a 

„          Link  for  Contrary  Botations, 183 

„          Single  Hooke*s  Joint, 191 

„          Single  Hooke-and-Oldham  Coupling, ....  1 93 

Any  Mean  VdoaUy-Batw. 

(107 
Boiling  Contact:  Non-Circular  Wh«ds  and  Seotoi% <  to 

(no 


31 

37 

84 
to 

92 

102 

103 
to 

139 
X43 

to 

»57 

157 
to 

166 

179 
to 

199 

214 

to 

218 

221 

to 

224 


95 
to 

99 

167 
189 

194 
196 

203 

206 


9» 
to 

102 
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Any  Maan  Velodty-Ratio— Continued. 

Amojo.    Faco. 

Sliding  Cootact :  Teeth  of  NoD-Circnlar  Wheels  and  ) 

Sectors, )  '«  W 

Bands  with  Non-Circular  Pulleys, 175  188 

Linkwork  with  Rocking  Cranks  and  Levers, i      *  ^^ 

I  ■'06       ^'^ 
Blocks  and  Tackle,  obliquely  acting, ^  '  ,        to 

218.    Cubs  C.      DincUaaBl-RcliuliiB    Variable. 

fiUding Contact:  PinandSlot, 159  168 

[160  170 

„  „        CatoB, „ to  to 

I '^3  175 

K  184  196 

^■jakrork :  BotatiDg  Cranks  and  Eccentrics, -    to  to 

■^  (  .88  »o. 

^^E       „  Iieversfor  Multiplying  OsciUations, 189  aoi 

^^m        „  Band-links, 198  313 

^V^S19.    Cuss  B.      iMbnilUeM  CmuhIIm. 

^^bding  Contact:  I otermittcnt  Wheel- work, 143  139 

n  n         Wipers  and  Pallets;  EKapemeuts,     164  175 

4  194  306 

linkwork:  Clicks  and  Ratchets, -    to  to 

( 196  3tl 

„  Frictional  Catohea, 196  an 

„  Slotted  Link, 199  213 

HTdnmlie  Connection:  Talveo,  Pumps,  Hydraulic  j  211         .  * 
PiMB,  Bellows, J  an  A    ^. 

Smthm  XL — Compara^M  Motion  in  the  "Mechanical  Pouxrt." 

230.    CIuaMMlsB     ar    (ka    IBcchHlc*!     Pnren.—"  Mechanical 

Powers"  is  the  name  given  to  certain  Bitnplo  or  elementary  mar 
cliinM,  all  of  which,  with  the  single  exception  of  tlie  pulley,  are 
nxire  umple  than  even  an  plementary  comhination  of  a  driver  and 
fullower;  for,  with  that  exception,  a  mechftiiic*l  [K>wer  consisla 
cMentiaUy  of  only  one  primary  moving  piece ;  and  the  comparative 
motion  taken  into  consideration  is  simply  the  velocity-ratio  either 
of  a  pMT  of  pointe  in  that  piece,  or  of  two  cornjioni'nta  of  the 
velocity  of  one  point     There  are  two  established  ciai n&<a.tic)nk  ^4 
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the  mechanical  powers;  an  older  classification,  which  enumerates 
six;  and  a  newer  classification,  which  ranges  the  six  mechanical 
powers  of  the  older  system  under  three  heads.  The  following 
table  shows  both  these  classifications : — 

NeWKB  GLABSIFIOJlTIOir.  OUOM  OLMmmOAXtOM, 

rn T  f  The  Lever. 

T^  ^^^ i  The  Wheel  and  Axle. 

(  The  Inclined  Plane. 

The  Inclined  Plane, <  The  Wedge. 

(  The  Screw. 

The  Pulley, The  Pulley. 

In  the  present  section  the  comparative  motions  in  the  mechanical 
powers  are  considered  alone.  The  relation  amongst  the  forces 
which  act  in  those  machines  will  be  treated  of  in  the  dynamical 
division  of  this  Treatise. 

221.  JLerer— Wheel  and  Axle.— In  the  lever  and  the  wheel  and 
axle  of  the  older  classification,  which  are  both  comprehended  under 
the  lever  of  the  newer  classification,  the  primary  moving  piece 
turns  about  a  fixed  axis;  and  the  comparative  motion  taken  into 
consideration  is  the  velocity-ratio  of  two  points  in  that  piece,  whidi 
may  be  called  respectively  the  driving  point  and  the  following  point 
The  principle  upon  which  that  velocity-ratio  depends  has  already 
been  stated  in  Article  53,  page  31 — ^viz.,  that  the  velocity  of  each 
point  is  proportional  to  the  radius  of  the  circular  path  which  it 
describes;  th&t  is,  to  its  perpendicular  distance  from  the  axis  of 
motion. 

The  distinction  between  the  lever  and  the  wheel  and  axle  is 
this:  that  in  the  lever,  the  driving  point,  D,  and  the  following 

point,  F,  are  a  pair  of  determinate 
points  in  the  moving  piece,  as  in 

DX  X        ^8^   ^^^  to  ^^^}  whereas  in  the 

wheel  and  aode  they  may  be  any 

.    pair  of  points  which  are  situated 

>f  \  respectively  in  a  pair  of  cylindrical 

^         I  I  pitch-surfaces,  D  and  F,  described 

^^       '  I  about  the  axis  A,  fig.  160. 

/In  each  of  these  figures  the  plans 
of  projection  is  normal  to  the  axis, 
X  y       and  A  is  the  trace  of  the  axis.    In 

two  cylindrical  pitch-surfiuses.    In 
Rg.  160.  figs- 161  to  164,  D  and  F  are  the 

projections    of   the    driving   and 
iUIowing  points  respectively. 
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The  axis  of  a  lever  is  often  called  the /ulerum. 

A  lever  is  said  to  be  riraight,  when  the  driving  point,  D,  Hud 
following  pdiut,  F,  are  in  one  plune  traversing  the  axis  A,  as  in 
6gfl.  161,  1G2,  and  1G3.  In  other  cases  the  lever  is  said  to  be  6«nt, 
u  in  fig.  164. 

E  I  «•  D  f  1 

FiB.  lei.  Fig  161. 


I 


F«.  1 


s  or  other  of  three  kinds, 


The  straight  lever  is  said  to  be  of  i 
acciirding  to  the  following  classification: 

Id  a  leva-  o/ t/ie  first  /citid,  fig.  IGl,  the 
driftng  and  following  points  are  at  oppo- 
site sides  of  the  fulcrum  A. 

In  a  lever  of  tlie  neeond  kind,  fig.  163,  the 
driving  and  following  points  are  at  the  > 
sde  of  the  fulcrum,  and  the  driving  point  i  _ 

tlie  furUier  from  the  fulcniin.  Fig.  161. 

In  a  lever  of  the  third  kind,  fig,  163,  the 
Mring  and  following  poiubi  are  at  the  same  side  of  the  fulcmm, 
and  the  following  jnint  is  the  further  from  the  fulcrum. 

222.  ■•ciiaed  pinae— Wedge.— In  the  inclined  plane,  and  in  the 
wedg*,  the  comparative  motion  considered  is  the  velocity-ratio  of 
ilie  entire  moljuii  of  a  straight-sliding  primary  piece  and  one  of  the 
components  of  that  motion;  the  princij)]es  of  which  velocit^-iatio 
bare  been  stated  in  Article  13,  pages  32,  23. 

In  tlie  inclined  plane,  £g.  1  Gd,  A  A  is  the  trace  of  a  fixed  plane; 
B,  »  bloek  sliding  on  that 
plane  in  the  direction  B  C; 
Uie  |il«ne  of  projection  being 
perpendicular  to  the  plane 
A  A,  and  parallel  to  the 
direction  of  motion  of  B. 
B  D  i«  some  direction  oblique 
to  B  C.  From  any  convenient 
point,  C.  in  B  C,  let  fall  C  D 
perpendicnlar  to  B  D;  tbeu 

B  D  -:-  B  C  is  the  ratio  of  Fig.  IC5. 

the    component    velocity    in 
the  direction  B  D  to  the  entire  velocity  of  B- 

In  fig,  166,  A  A  is  the  trace  of  a  fixed  plane ;  B  C  D,  the  trac« 
of  a  w^ge  which  slides  on  that  plane.  While  the  wedge  advancw 
(Jiroo^  tlie  distance  C  ^  it«  oblique  face  advances  from  the  pen. 
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tion  C  D  to  the  poaitioiL  c  d;  md  if  0  a  bo  dntwn  nonnol  to  the 
piano  0  J),  the  xatio  borne  bj  Uie  oonqpaneiii  Tcdooi^  of  the  wedge 


^ 
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in  a  direction  normal  to  its  oblique  face  to  its  entire  velocity  will 
be  expressed  hj  C  e  :  C  c. 

83&  Screw.— In  the  screw  the  oomparatiTe  motion  oonsidered 
is  the  ratio  borne  hy  the  entire  Telocity  of  some  point  in,  or  rigidly 
connected  with,  the  screw,  to  the  Telocity  of  advance  of  the  screw. 

The  helical  path  of  motion  of  a  point  in,  or  rigidly  attached  to,  a 
screw  may  be  developed  (as  has  been  already  explained  in  Artide 
69^  page  40)  into  a  straight  line:  being  the  hypoth^nnse  of  a 
light  angled  tnangle  whose  height  is  equal  to  the  pitdi  of  the 
screw,  and  its  base  to  the  circumference  of  a  circle  whose  ladtos 
is  the  distance  of  the  given  point  from  the  axis  of  the  screw.  Then 
if  B 1)  in  fig.  1 G5  be  taken  to  represent  the  pitch  of  the  screw,  and 
I>  C,  perpendicular  to  B  D,  the  circumference  of  the  circle  described 
by  the  point  in  question  about  the  axis,  B  C  will  be  the  derelop- 
nient  of  one  turn  of  the  screw-line  described  by  that  point  as  it 
i^evolves  and  advances  along  with  the  screw ;  and  B  C  -t-  B  D  will 
\ye  the  ratio  of  its  entire  velocity  to  the  velocity  of  adTanoe;  jnst 
as  in  the  case  of  a  body  sliding  on  an  inclined  plane,  A  A,  paimlM 
to  B  C.  This  shows  why  the  screw  is  comprdiended  wider  the 
general  head  of  the  inclined  plane,  in  the  newer  dassifioation  of 
the  mechanical  powers. 

224.  PmUcj.— The  term  pidley,  in  treating  of  the  mediasioal 
powers,  means  any  purchase  or  tackle  of  the  class  already  desoribed 
in  Section  YU  of  this  Chapter,  pages  214  to  221. 
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CHAPTER  V. 

or  AOaBECATC  COHBINATIONS   DJ   MECUAlnsll 

Sectios  I. — General  ExplanatUnu. 


32S.  A«v««a»  CaB>biniiii»K  DfCm«—"  Aggregate  CorabiDatioos" 
ia  « term  introduced  liy  Professor  Willis,  to  denote  tbow  oasem* 
blagea  of  pieces  in  me^^hanism  in  M-bich  the  motioa  of  one  follower 
is  tbe  renUtunt  of  matioDs  impressed  upon  it  by  more  than  one 
driier.  The  number  of  in<lepeudeutl3'-actiDg  driven  which  impress 
tlirectlj'  ■  Gompouiid  motion  on  one  follower  cannot  be  grenter  thas 
thrtr ;  liMttuse  each  driver  detenninea  the  motion  of  at  least  one 
|Kiinl  in  the  follower;  and  the  determination  of  the  motion  of  three 
(<aint«  in  a  body  determines  the  motioa  of  the  whole  body.  In 
caoat  caseti  which  occur  in  practice,  the  number  of  independent 
driven  which  act  directly  on  one  follower  is  two. 

S26.   Socnl  PriHJpIe  af  Ihclr  AeUan.— The  follower  vhicit  baa 

muh  a  compound  motion  directly  communicateii  to  it  by  more 
than  one  primary  piece  must  necessarily  bo  a  tecondary  piece, 
aa  defined  in  Article  37,  page  17;  its  motion  at  any  instant  is 
tba  rtmUatil  of  the  motiona  impressed  upon  it  separately  by  the 
{rfeow  which  act  as  its  driven;  and  the  determination  of  that 
nanitAot  motion  depends  upon  tJkc  principles  already  explained  in 
Ohapt<T  Hi  of  this  Division,  pages  43  to  75.  Several  examples  of 
the  motion  of  seoondaiy  pieces  have  been  given  in  the  preceding 
Cbaptcr,  in  treating  of  tlioae  secondary  pieces,  such  as  links  and 
fauMi,  and  the  sheaves  of  running  blocks,  which  act  as  conuectora 
is  llMiiiiilaij  combiaatiou& 

SXt,  Aa^aVBle  C— MnpilnM«  MratlaulBx  !■  m  Wrlmmrf  Piece. — 

T«ij  sAts  an  aggregate  combination  is  of  the  nature  of  a  train; 
and  ahhoagh  a  secondary  piece  receives  in  the  firat  instance  a 
•ooifNnuiil  motion  from  two  or  from  three  primary  pieces,  that 
■ettdanr  piece  commanicates  motion  in  the  end  to  a  primary 
■■M&  Id  such  cases  the  motion  of  that  last  primary  follower  may 
H  doll  filled,  by  finding  the  motions  which  would  bo  communi- 
•■Icd  to  h  Uirough  the  iutei-mediate  secondary  piece  or  pieces  by 
tlw  wvani  primary  drivers  acting  separately,  at.d  taking  the 
iof  toosemotioui. 

ircondsry  piece  in  an  aggregate  com-    i 
■  veiy  often  a  form  like  that  of  ft  primary  '^«g&,  >:&&.  I 
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{g  distinguished  from  a  primary  piece  onlj  hy  the  fitot  thftt  its 
beariogs,  instead  of  being  carried  b^  the  fixed  frame,  are  carried  b^ 
a  moving  frame;  that  moviag 
frame  being  one  of  the  primary 
pieces  from  which  the  eecond- 
'  ar^  piece  receives  its  motion. 
^  Forexample,  awheelmay  tun 
abont  an  axis  which  is  carried 
hj  an  arm  that  tarns  aboat 
another  axia  The  compoond 
motions  of  which  soch  aeoond- 
ary  pieces  are  capable  have 
been  treated  of  in  Artidea  73 
to  79,  pages  51  to  6S,  and 
°'    ~"  Articles  81  to  86,  p^es  66  to 

74.     When  such  a  secondary  piece  is  to  drive  or  to  be  driven  bjr  a 
piimaiy  piece,  or  another  secondary  pieoe  not  carried  1^  the  wtm» 
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Fig.  1G8. 


moving  frame,  special  contrivances,  which  may  be  called  Mfiimf 
iraini,  have  to  be  used  in  order  to  keep  up  the  conoectioa  b 
the  two  pieces  during  their  varions  changes  of  relativa  j 
The  following  aro  examples : — 

I.  When  two  pieces  turning  about  parallel  axes  are  e 
by  toothed  gearing,  and  one  of  them  is  free  to  shift  its  ; 
along  its  axis  relatively  to  the  other,  the  Loxa  or  Bbo&s  ] 
may  be  used.  In  fig.  167  A  A  and  B  B  are  a  pair  of  pafBlHi 
axes;  C,  a  spur-wheel  on  A  A;  D,  a  pinion  on  B  B;  wd  th» 
breadth  of  the  pitch-surface  of  D  is  made  gretUor  than  that  <rfO  bf 
a  length  equal  bo  the  diatauce  through  which  D  is  capablo  of  httag 
shifted  longitudinally, 

IL  When  a  toothed  wheel,  C  C,  fig.  168,  gotn  «ith  K  iM^ 


I>  D,  ftnd  either  the  rack  is  to  be  capable  of  turning  about 
B  B,  parallel  to  its  pitch-line,  or  the  axis  A  of  the  wheel  is  to  be 
capable  of  being  moved  round  the  axis  B  B  at  the  end  of  an  arm, 
F  A,  the  CiBCULAR  Back  is  to  be  used,  being,  as  represented  in 
tlie  figure,  a  solid  of  rovoliitioo  g^eoerated  by  the  rotation  of  the 
usee  of  the  rack-teeth  about  the  ania  B  R  The  pitch-line  D  D 
beooTDes  the  trace  of  an  ima^puaiy  pitch-cylinder  generated  by  ita 
revolation  about  the  axis  B  B;  and  the  pitch-point  E  is  the  point 
oS  ooDtact  of  that  cytiDdec  n-ith  the  pitch -cylinder  of  the  wheel. 

It  is  easy  to  see  that  by  fixing  a  broad  pinion  on  one  part  of  a 
■haft,  and  a  circular  ruck  on  another,  that  shaft  may  receive  at 
the  nme  time  two  independent  motions  of  rotation  about  its  axis 
•Bit  tnnslatioQ  along  its  axis  reagiectively,  from  two  different  apur- 
wbeels;  the  result  being  a  helical  motion;  and  this  Ih  one  of  the 
■iioplest  of  aggregate  combinations. 

TIT.  Tbadi-Abm. — When  rotation  is  to  be  tranamitteil  from  a 
fixed  axis  to  a  shitting  a:tiH,  or  from  one  shifting  axis  to  anotJier, 
and  the  relative  motion  of  the  two  axes  is  such  that  their  distance 
apart,  and  the  angle  which  their  directions  make  with  each  other, 
do  not  change, — in  other  words,  when  one  of  the  two  axes  revolves 
|_loatid  the  other  as  if  it  were  carried  by  a  rotating  arm, — the  con- 
1  between  tho.se  axes  may  be  kept  np  by  means  of  one  ri^d 
ftfi«n)e,  which  carries  any  combination  or  train  of  mechanism  suitable 
tibr  transtnittiDg  rotation  from  the  one  axis  to  the  other:  such  a 
"lame  ia  called  a  (rain-ami. 

The  general  principles  of  the  velocity-ratios  which  are  commnni- 
'    1  bj  means  of  traiu-arms  will  be  stated  further  on;  hut  at 
mt  one  particular  case  requires  special  mention, — it  b  that  ii 
wbicb  the  train  carried  by  the  arm  in  such  that  the  two  axe 
nected  by  it  are  parallel,  nod  the  nngular  velocities  of  the  pieces  I 
wfaicb  turn  about  them  c(|iia]  and  in  the  same  direction.     In  fi^  J 
169  the  plane  of  pi-ojectiun  h  supposed  to  be  normal  to  the  two.] 
uses  to  be  connected.  A  und  6  the  traces  of 
those  two  axes,  and  A  B  their  common  per- 
pcndicolar-     A  moveable  frame  or  timu-arm 
ranaectB  the  bcariDgs  of  tlie  axes  with  ciich 
otber,  BO  that  the  distance  A  B  is  invariable ; 
■ad  that  frame  carries  a  train  of  mechanism 
mA  as  to  tnumuit  the  angular  velocity  of 
Um  piece  which  tarns  about  A  unchanged  in 
Teloeity   and  direction    to    the    piece   whi'h 
bims  about   B.     For  example,  those   pieces   Btai  i 
puaUel   and  e«jnal  cranks  linked  together  I7  «h{ 
Umt  may  be  equal  and  similar  pulleys  co«as0hd  iiya  >^hI.  «r 
eqinl   and  similar  toothed  wheels,  with   tm  i  ~ 
'  -  ;  with  both.    The  result  is,  that  tU>  t 
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into  any  other  position^  such  bb  A  b,  the  angnkr  TelocitieB  of  the 
pieces  which  rotate  about  the  axes  A  and  B  respectiTelj  continae 
to  be  equal  in  magnitude  and  identical  in  direoticm* 

lY.  When  rotation  is  to  be  transmitted  between  a  pair  of  axes 
whose  common  perpendicular  alters  in  length  as  well  as  in  direc- 
tion, a  CoKPOUND  Train-akm  maj  be  used,  consisting  of  two  or 
more  train-arms  jointed  together  at  intermediate  axesi  For 
example,  in  ^g.  170,  A  and  C  are  the  traces  of  two  sock  axes.    B 

is  the  trace  of  an  intermediate  axis, 

^^' -^.  connected  by  means  of  two  tndn-arms 

j^^:^"/  "^-.^         with  A  and  with  C  respectiTeir,  so 

'^''^  \      that  the  distances  A  B  and  B  C  are 

y'^  invariable;  while  A  B  can  lie  turned 

^'^'^         into  any  angular  position  about  A, 

y^  such  as  A  6,  and  B  G  into  anjaiuralar 

position  about  B,  such  as  &  a    Then 

the  relative  position  of  A  and  0  can 

be  altered  either  in  direction  or  in 

-pig  270.  distance,  so  long  as  their  distance  apart 

does  not  exceed  A  B  +  B  C;  and  the 
transmission  of  motion  will  still  be  kept  up  by  means  of  the  trains 
that  are  carried  by  the  train-arms. 

Y.  When  motion  is  transmitted  between  two  axes  by  means  of 
a  band,  the  connection  may  be  maintained  during  changes  of  the 
relative  position  of  those  axes  by  means  of  STRAnnKG  PnuHB  and 
GuiDiNO  PuLLiES  SO  arranged  as  to  keep  the  band  tight. 

229.   Mothods  •r  TrcatlBg  Pr«Meflu  rtmpeetim^  Aggerngmt  Cmm- 

hinaUmnu, — The  methods  by  which  problems  respecting  aggre- 
gate combinations  are  solved  may  be  distinguished  into  two 
classes. 

L  In  one  class  a  piece  which  may  be  regarded  as  a  train-ann, 
or  moving  frame  (and  which  may  be  designated  by  B),  has  a  given 
motion  relatively  to  the  fixed  frame.  A,  of  the  machine;  and  at 
the  same  time  a  secondary  moving  piece,  C,  has  a  given  motawi 
relatively  to  B.  The  resultant  of  those  two  given  motions  is  the 
motion  of  C  relatively  to  A ;  and  the  general  rules  for  finiHng  ii  ii^ 
various  causes  have  been  stated  in  Articles  73  to  77,  pages  52  to  M, 
and  Articles  81  to  86,  pages  66  to  74. 

II.  In  the  other  class  of  methods  the  motions  of  three  points  in 
a  secondary  piece  that  is  free  to  move  in  all  directions,  or,  bmws 
frequently,  the  motions  of  two  points  in  a  secondary  pieoo  tint  is 
guided  so  as  to  move  in  one  plane,  or  about  one  fixed  pointy  are 
given;  and  the  motion  of  the  piece  as  a  whole  is  to  be  dednosd 
nom  them.  The  general  rules  for  doing  this  have  been  gifcn 
in  Articles  69  to  71,  pages  i5  to  51. 

lliere  is  no  difference  in  principle  between  the  kinds  of  pnAlem 


wt  «re  treated  by  those  two  claasea  of  methods  respectirely;  the 
choice  of  methoda  is  a  nutter  of  convenience  only. 

330.  AgcncoM  CanblimllaBa  clasacd  Bccardlng  U  their  gaiyiiu 

— jtsp*«M«  v*(KUiH--A|srrBBtc  Paik*.— The  Classification  of  a^re- 
gate  comUnatiooB  which  will  be  adopted  throughout  tJie  rent  of 
this  Chapter  is  that  of  Hr.  Willis,  and  is  founded  on  the  purposes 
which  the  combinations  are  designed  to  efl'ect  Those  purposes 
are  distinguished  into  (I.)  aggregate  velociliet,  and  (II.)  aggregate 

I.  When  an  aggregate  veloeity  is  the  object  aimed  at,  the  final 
piece  of  the  train  is  usually  a  primary  piece,  whose  comparative 
Telocity,  V>y  tl:e  help  of  an  aggregate  combination,  ia  made  either 
to  have  a  certain  constant  value  or  to  vary  according  to  a  law 
which  it  might  be  difficult  or  impofwible  to  realize  by  means  of  a 
timhi  of  elementary  combinations  only. 

II.  When  an  aggreijate  path  is  the  object  aimed  at,  a  point  in  a 
secondary  piece  is  made,  by  means  of  an  aggregate  combinatioi),  to 
move  in  a  path  of  a  figure  which  may  be  different  from  that  which 
a  point  in  a  primary  piece  would  describe. 

The  only  paths  which  points  in  primary  pieces  can  describe  aro 
Rtraigfat  lutes,  circles,  and  screw  lines  ;*  and  paths  of  all  other 
figures  must  be  described  by  the  help  of  aggregate  combinations. 
Hometimes,  indeed,  it  is  found  convenient  to  use  aggregate  com- 
binations for  describing,  either  exactly  or  approximately,  even 
dioae  elementary  paths  themselves — the  straight  line,  the  circle. 
«B-1  the  screw-line.  For  example,  there  is  a  numerous  class  of 
•gn^pte  combinations  called  parallel  motions,  whose  object  ia  tu 
WMfcn  ■  point  move  aensibly  in  a  straight  lina 

•  In  oUier  word*,  jwtlu  in  which  both  tho  cnrvatnre  ami  the  tortnii«ity 
■TV  cither  none  or  unifonn.  Tho  curvaturo  of  a  path  ia  the  redprocal  of  the 
ladioa  of  con-atura.  ThetortnoBityiBlherwiliTocal  of  the  length,  meBSurwl 
aloDg  tbe  path,  in  the  conree  of  which  tho  radius  of  eurratiiro  rotates  ronod 
a  tamgent  to.  the  jnih  u  sn  axia,  through  the  ancle  which  enhtends  an  »ro 
•qoaTto  ndicu.  Id  the  COM  of  a  helix,  or  screw-line,  let  r  be  the  radius  of 
-  «  on  wbich  (he  acMW-Uiie  is  dercribad,  and  p  tho  pitii  ot  that 


ccording  to  Article  01,  [lago  41,  tha 


I 


I 


fiM;  lUtq  =  ir-  l«  the  radios  of  a  circle  whose  circumference  is  aqoal  t 
a*  pitd;  letehetlioobliqnitTof  the  screw-lino  to  o  pliuo  nortoal  to  its 
ai»rirt  ^  be  iu  radial  of  curvature-,  and  let  -  bo  tlie  rce.i.rocal  of  the 


I,  ia  CM  be  Aown  that  the  reciprocal  of  the  tcrtuosily  " 
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A  further  subdivision  of  the  purposes  of  aggregate  oombinationa 
leads  to  the  following  classification : — 

Agobegate  Yelocities. 

Production  of  Uniform  Yelocitj-Ratios  (as  in  Willis's  Class  A). 
Production  of  Yaiying  Yelocitj-Ratios  (as  in  Willis's  Claases 
B  and  C). 

AooREOATE  Paths. 

Description  of  Curved  Paths,  (Ellipses,  Epicydoids,  dec.) 
Description  of  Sensibly  Straight  Paths  (Paradlel  MotionsX 

231.  c«MTcrgiiic  AsgrcgRts  ComMMOimM. — ^This  term  may  be 
applied  to  denote  those  trains  in  which  the  drivers  in  an  aggregate 

combination  are  themselves  the  followers  in 
aggregate  combinations.  By  means  of  trains 
of  that  kind,  any  number  of  component 
motions  may  be  combined.  Suppose,  for 
example,  that  a  piece.  A,  is  driven  jointly 
by  B  and  C,  and  that  B  is  driven  jointly 
by  D  and  E,  and  C  by  F  and  O;  then  the 
motion  of  A  is  the  resultant  of  four  com- 
ponent motions,  due  respectively  to  the 
actions  of  D,  E,  F,  and  G. 


Section  II. — Production  of  Uniform 
Aggregate  Veiodty-RaJUos. 


232.    IMfleMMttel  Pnllef 

In  this  combination,  two  pulleys,  B  and  C 
(fig.  171),  of  different  raaii,  rotate  as  one 
piece  about  a  fixed  axis,  A  An  endless 
chain,  B  D  E  C  L  K  H,  passes  over  both 
pulleys.  The  rims  of  the  pulleys  are  shaped 
so  as  to  hold  the  chain,  and  prevent  it  from 
slipping.  The  lines  in  the  ngure  represent 
the  pitch-lines  of  the  pulleys  and  the  centre 
line  of  the  chain  respectively.  As  to  the 
relation  between  those  lines  and  the  actual 
figures  of  the  pieces,  see  Articles  166,  176, 
pages  180,  190.  One  of  the  highiU  or  loops 
in  which  the  chain  hangs,  D  E,  passes  under 
and  supports  the  running  block  F.  TIm 
other  loop  or  bight,  H  K  L,  hann  firadij; 
and  very  often  the  combination  isotiTeQ  \ff 
hauling  upon  the  part  H  K ;  which  tberelbrs 
may  be  called  the  Xau/tn^/MHL    ItisefidiBt 


► 
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^Mt  the  velocity  of  the  hauling  part  is  equal  to  that  of  the 
pitch-circle  B.  Sometimes  the  compound  pulley  is  drivea  by 
other  meana;  as  by  a  secoiiii  endless  chain  acting  on  a  sprocket- 
whwl. 

In  order  that  the  velocity -ratio  may  he  exactly  uniform,  the 
nditu  of  the  sheave  F  should  be  aa  esact  mean  between  the  radii 
of  E  and  0 ;  but  it  is  not  necessary  to  follow  this  rule  strictly  in 
practice.  In  stating  the  velocity- ratio,  however,  it  will  be  assumed 
that  the  mle  has  been  observed. 

Let  the  velocities  of  the  pitch-circles  of  B  and  C  be  denoted  by 
B  and  C  respectively.     Then  the  proportion  of  those  velocities  to 

h  other  is 


B 


AC 

''  AB 


Xet  F  denote  the  velocity  of  the  running  block.  Tlien,  if  C  were 
m  fixed  point,  and  consequently  C  E  a  "standing  part"  of  the  chain, 
the  value  of  F  would  bo  J  B,  and  the  direction  of  its  motion  would 
\<K  upvard  (ogreeably  to  the  principles  of  Article  201,  page  215). 
Also,  if  B  were  a  fixed  point,  and  B  D  a  standing  part,  the  value 
of  F  would  be  -  j  C ;  the  negative  sign  being  used  to  denote  down- 
ward motion.  The  actual  value  of  F  is  T 
tomponents;  that  is  to  say, 


P  is  the  resultant  of  thoee  two 


whence  we  have  the  comparative  motion  of  the  larger  pitch-circle 
B,  ftad  the  numing  block  F,  expreaaed  by  the  following  velocity-) 


l-^M} 


AB  -  AC 
3  AB     ■ 


Hw  rdotaty  of  the  mnniDg  block  is  the  same  with  that  of  the 


with  the  same  angular  velocity  with  the  actual  differential  or 
com  pound  inilley. 

To  calculate  the  length  of  c/iai'n  required  for  a  differential 
polkiy,  t*ke  the  following  wim :  half  thu  circumference  of  A  -t- 
half  Uie  dnnimference  of  B  -i-  half  the  circnmferenco  of  F  + 
twice  the  KimteBt  distance  of  F  from  A  -(■  the  least  lengtli  of 
thu   loop  H  K  L.      This   last    quantity   is   fixed   according  to 


242 


QBOHETBY  OF  MACREinEBT. 


The  dtfirenHal  windUiss  or  diffmrmtial  harrd  (%.  173)  kidenti- 
Oil  ill  principle  with  the  differential  pulley;  1^  differenoe  in  con- 
struction beings  that  in  the  di£Eerential 
windlass  the  running  block  hangs  in  the 
bight  of  a  rope  whose  two  partsaie  woand 
round,  and  haye  tlieir  ciida  leopoafciTely 
^j^^  made  fiist  to,  two  bamelsol  diffeient  ladii, 
which  rotate  as  one  pieee  about  Ubib  aads 
A.  The  differential  wimdia»ialitliensed 
in  practice,  because  of  1^  great  ki^^  of 
rope  which  it  requirea  ^uiat  len^  is 
expressed  by  the  following  8am^— Twiee 
the  least  distance  of  the  running  block 
from  A  +  half  circumference  of  running 

block  +  "p  >c  total  distance  throu£^  which 

F  is  lifted;  and  the  last  termisi^ea  am 
inconveniently  great  quantity. 
.  {A.  M.,  505. ^A  c(nnpound  screw  ood- 
sists  of  two  screws  cut  upon  the  same  qxndle,  and  each  having 
a  nut  fitted  upon  it.  The  screw  turns:  one  of  the  note  ia  nsaally 
fixed,  so  that  the  screw  in  turning  in  tiiat  nut  ia  made  t»  advance; 
the  other  nut  slides,  but  does  not  turn;  and  the  sliding  motion  of 
the  second  nut  relatively  to  the  first  nut  is  the  resultant  of  the 
advance  of  the  screw  relatively  to  the  first  nut,  and  of  a  motion 
equal  and  opposite  to  the  advance  of  the  screw  relatively  to  the 
second  nut;  that  is  to  say,  the  second  nut  moves  relatively  to  the 
first  nut  as  if  it  were  acted  upon  by  a  single  screw  of  a  pitdi  equal 
to  the  differmM  betioeen  the  pUehes  of  the  two  acrew-thieada  that 
are  cut  on  the  spindle;  supposing  those  threads  to  wind  the  sane 
way.  But  if  the  threads  are  corUrary-handed,  for  the  difference 
of  their  pitches  is  to  be  substituted  the  sum. 

Fig.  173  represents  a  diffhrerUicd  screw :  that  is,  a  compound  screw 


Rg.  172. 


233.  c 


Fig.  17a 


^^ 


174. 


in  which  the  threads  wind  the  same  way.  Nj  and  K^  ave  tke  two 
nuts;  Sj  Sj,  the  longer-pitched  thread;  S^  S|,  Hie  ahort8r|iii 
thread :  in  the  figure  both  those  threads  are  lefb^handed.  At 
tarn  o£  the  screw  the  nut  N^  advances  rektively  to  K^  ttumigli  a 
distance  equal  to  the  difference  of  the  pitches.     The  um  eC  the 


coMPOuam  screw — epicycuc  trails. 
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AArentiid  BCr«ir  is  to  oomhine  the  slowness  of  Eidvance  Aae  to  a  fine 
pitch  witi)  the  strength  of  tbreud  which  can  be  oblainud  by  means 
of  a  coarse  pitch  only. 

Fig.  17i  represents  a  compound  screw  in  which  the  two  threads 
lire  onntniry- handed ;  and  the  effect  of  each  turn  of  the  sci-ew  is  to 
ulter  the  distance  between  the  nnta  N,  and  N^  by  an  amount 
equal  to  the  sum  of  the  pitches  of  the  thi-eads,  which  are  usually 
e^tial  to  e«ch  other.  This  combination  ia  used  to  ti^'liten  tha 
couplings  of  luilwaf  carriages. 

234.    KplcTCllB  Tnlm  wlih  CaUam  Aeiloa.— An    epicjclic  traia 

for  producing  an  uniform  aggregate  velocity- ratio  consists  essen- 
tially of  four  parts,  whose  general  arrangenient  may  be  held  to  be 
represented  by  the  diagram  in  Fig.  17fi — viz.,  tlio  prinutiy  wheels 
B  and  C,  taming  about  the  same 
txit,  0,  with  different  uniform  velo- 
train-arm  A,  being  a 
,aoTe»blo  frame,  turning  with  an 

'form  velocity  about  the  same 
;  kod  th«  ahiJHng  train  of 
idary  pieces,  carried  by  the 
bvfn-ann  A,  and  transmitting  an 
nuiform  Telocity- ratio  &om  B  to 
0,  in  the  manner  of  an  ordinary 
ttmio.      The  BhiMDg   train    may  Fig.  175. 

GODBct  of  any  kind  of  mechanism 

bekii^iig  to  Class  A;  such  as  circular  toothed  wheels,  whether 
■|iw.  bevsl,  or  skew-bevel;  screw-gearing j  circular  pulleys  and 
banos;  Unks  with  equal  parallel  cranks;  and  doable  universal  joints, 

'JTba  cotDporative  motions  of  the  three  priinary  pieces.  A,  B,  and 
C,  »m  det«rmineU  in  the  following  manner  : — Let  a,  b,  und  e  re- 
jNvaBot  nninberv  proportional  to  the  ivspectivo  angular  velocities  of 
tboae  tilMes;  it  being  understood  that  rotations  in  one  direction 
are  to  M  cmridercd  as  positive,  and  those  in  the  contrary  direction 
aa  oei^iTs. 

Piiit,  sirpposc  that  B  ia  fixed  relatively  to  A;  that  is  to  say, 
Uwt  tl  limply  turns  aioDg  with  A,  baviug  the  same  angular 
vdoci^;  or,  in  symbols,  that  &=:  a;  then  it  is  evident  that  C  mus*' 
tnnt  olcHig  with  A  also,  with  the  same  angular  velocity;  that  is  to 
say,  on  tbls  nippoaition,  we  have  c  ~  a. 

Next,  let  B  have  a  different  angular  velocity  from  A;  """~ 
h  -  a  will  represent  the  angular  velocity  of  B  relatively  to  A. 

D«i«rmii)e,  from  the  construction  of  the  shifting  train,  the  ratio 
of  tba  Tcloci^  of  C  to  that  of  B,  as  if  the  ti'u.in-arm  A  were  fixed 
sod  dmole  that  ratio  by  n;  taking  care  to  mark  the  vali 
pnotire  or  nqptivc,  according  as  the  rotations  of  B  and  G 
umtkir  or  contrary  directions.     That  ratio  will  also  W  ttie  taXia 


I 
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which  the  angular  velodty  of  C  relativelj  to  A.  bean  to  the  aogti- 
Isr  vdocity  of  B  relatively  to  A,  when  tlie  train-atm  A  ie  in 
motion ;  that  ie  to  say,  in  symbols, 


and  this  is  tho  genaral  equation  <^  tA«  octton  qf  on  tpiondie 
fraut. 

Two  particnlar  cases  may  be  distingnished,  according  as  the 
wheel  G  or  the  tntin-arm  A  is  the  follower  in  the  oomtnna- 
tion. 

Case  I. — The  wheel  B  and  the  train-arm  A  are  driren  by  meuu 
of  diTerging  trains,  with  angular  Telocities  proportional  to  given 
nnmbers,  h  and  a;  then  the  proportionate  angular  velod^  of  G  is 
given  by  the  foUowing  formula; — 

o  =  n(&-a)  +  aan&  +  (l-  n)a (8.) 

Case  It. — The  primary  wheels  B  and  C  are  driven  by  means  of 
diverging  trains  with  angular  velocities  proportional  to  given 
numbers,  h  and  o;  then  the  proportionate  angular  velocity  of  the 
train-arm  a  is  given  by  the  following  formula : — 

c-«6           h               e 
"  "  T^  -  771  *  T^^ (3L) 


,..(*.) 


One  of  the  qmb  of  epicyclio  trains  is  to  obtain  with 
velocity-ratios  in   tootned  wheel-work  which  are  exprened   bv 
numbers  whose  &ctors  are  too  large  to  be  suitable  for  the  teetli 

of  wheels.     For  example,  7  may  be  such  a  ratio ;  and  it  may  be 

posrible  to  divide  -.  into  two  parte,  as  expressed  by  the  follow- 
ing formula : — 

s- "  +  ('-")?> 

■Bch  that  each  of  those  parts  is  expressed  by  numben  whuBS  bcAon 
cnoot  too  large;  and  then,  by  using  a  train-arm  witk  the 


EPICrCLlC  TRAINS. 


itio  7,  and  a  shifting  train  with  the  velocity-ratio  n,  the  required 


y 

^■VBlocity-ratio  may  be  obtained  with  precisioa  by  means  of  wheels 

^Hgf  moderate  size.' 

^F  Another  ose  of  epicycUc  trains  ia  to  moke  the  train-arm  move, 
Ibr  pnrpoBes  of  n^lation  (as  in  certain  governors),  with  a 
velocity  proporticiDal  Ui  the  difference  between  the  velocities  of 
th«  primary  wheels  B  and  C.  This  is  best  effected  by  causiog  tho 
primary  wheels  B  and  C  to  rotate  in  contrary  directions,  and  to 
oonnect  them  by  means  of  a  shifting  train  such  that,  when  the 
tr&in-arm  is  at  rest,  the  angalar  velocities  of  those  wheels  are 
equal  and  oppoaitc.  This  amounts  to  making  n  -  -  I  in  equation 
3,  and  c  =  a  negative  quantity,  say  ~  i;  and  then  the  expression 
fiw  the  angular  velocity  of  the  tiuin-arm  becomes 

/>-  l 


I 


For  example,  in  Fig.  176,  O  is  a  vertical  spindle,  about  which  tha 
equal  and  similar  bevel  wheels  B 
aud  C  turn  in  opposite  directions. 
A  is  the  train-ami,  being  a  hori-  . 
nntal  spindle  carried  fay  a  collar 
which  turns  about  the  vertical 
(pindle.  The  shifting  train  consists 
of  a  bevel  wheel  turning  about  the 
^ndle  A,  and  gearing  with  the 
wfatseb  B  and  C.  In  order  to  pro- 
duce a  balance  of  forces,  two,  and 
■ometinieM  three  or  four,  equal  and 
nmilar  horizontal  spindles  like  A  project  from  the  collar,  and  cany 
eqnal  and  similar  bevtl  wheels.  Iil  the  figure  two  arc  shown.  The 
rnnlt  ia,  that  when  the  wheels  B  and  C  turn  in  opi>osite  directions 
with  equal  speed,  the  train-arm  stands  still ;  but  when  the  velocities 
<tf  those  wheels  become  unequal,  the  train-arm  turns  in  the  direction 


Fig.  178. 


approsiBiatUiii  to  Uie  tstio  , ,  not  ooDtoiiiiiig  factors  vxcoeding  what  Is  oou- 
■idavd  a  coavoiietit  limit  (values  of  n  may  be  found  by  the  method  of 
u,  Article  1 17,  page  107).     Then  make  a  =  -= ;  sod 

ir  tha  ratio  7  contaiiu  incoavciiieiitly  large  Uatan.  The  trial  is 
to  ba  Npc^«d  with  the  vsrinDs  different  values  of  N,  until  a  utiafsotory 
iwll  M  armed  sL  Thia  mcihod  cuinot  £ul,  provided  it  is  c  only,  and  not 
^,  wkiek  *™"*"*  inconvEnientty  large  facton. 
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of  the  greater  of  the  two  velodtleay  with  »  qpeed  eqoal  to  half  their 
difference.  Other  applications  of  epicjdic  trains^  where  the  hist 
follower  is  a  secondary  piece,  will  be  meationed  imder  the  head  of 
aggregate  patha 

Sscnoif  ITL'^Frodudion  of  wir^ing  AggngcOe  VdoeUy-BaUoe. 


235.  The  mmciwm^mtim^  Mmmmm  Scrcv  noAj  be  nsed  whero  it  ii 
desired  that  there  shall  be  periodic  fluctuations  in  the  ratio  of  the 
speed  of  the  follower  to  that  of  the  driver.  In  this  combinaAion  a 
wheel  is  driven  by  a  rotating  screw,  as  in  fig.  112,  page  164^  which 
screw  has  at  the  same  time  a  reciprocating  motion  along  its  azia 

236.  Bpicyeiic  TwrnUu  with  Peri«4ie  Acttoa  are  used  for  the  same 
purpose.  This  is  effected  hy  communicating,  by  means  of  siuiable 
mechanism,  such  as  a  cam,  or  a  crank  and  link,  the  required 
reciprocating  motion  to  the  train-arm  A,  fig.  175,  page  243.  The 
angular  Telocity  of  the  follower,  C,  is  expressed,  as  in  Article  234, 
by 

c  =  n  6  +  (1  —  n)  <»; 

in  which  n  6  is  a  constant  term,  and  (I  —  n)  a  a  periocBcsDy 
varying  term;  the  &ctor  1  —  n  being  constant,  and  uie  fiustora 
periodic. 

236  A.—- The  SaMHUid-Piaiiec  iii«ti«a  is  a  sort  of  epicyclic  train 
with  periodic  action.      In  fig.  177,  0  is  a  shaft  which  overiiangs 


Kg.  177. 
its  bearinig^  and  carries  on  its  overhanging  end  a  toothed  wbaaliCl^ 
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called  the  mn-iohed.  This  gesis  with  ftnother  toothed  wheel,  D  £, 
ean«d  the  planel-tefieti,  which  is  made  fast  to  the  cotineetLDg-rod 
D  B,  which  h&ngB  from  one  end  of  the  lerw  or  wnlking-beatn, 
A  E.  At  the  centre,  D,  of  the  whoel  D  E  is  a  pin  which  is  con- 
nected with  the  shaft  C  by  a  link  or  bridle,  C  D  (ahown  by 
dotted  lines);  so  that  it  revokes  roand  the  axis  «f  0  like  a 
crank-pin,  making  one  revolution  for  each  double'Stroke  of  the 
be&m  A  B. 

In  the  firat  place,  to  determine  the  mean  ratio  of  the  Un»tr 
vdticUy  of  the  pin  D  to  that  of  the  pitch-circle  of  the  sun-wheel, 
C  E^  it  is  to  be  observed  that  tbe  latter  velocity  is  at  every  instant 
eqiuil  to  that  of  the  pitch-point  E  iu  the  planet- wheel.  Now,  tlie 
wotioD  of  the  planet-wheel  is  one  of  transliition  in  a  circle  along 
with  the  pin  D,  compounded  with  an  angular  oscillation  to  and  fro 
along  with  the  rod  D  R  Hence  the  niMia  linear  velocity  of  D  ia 
equal  to  that  of  the  pitcb-circle  of  C  E. 

Secondly,  as  to  the  jnean  ratio  of  the  afu/tdar  vefociiy  of  the  bridle 
C  D  to  that  of  the  Eun- wheel  C  E,  it  is  obvious  that  as  the  mean 
linear  velocities  nf  D,  and  of  the  pitch-circle  of  C  £,  are  cqnal,  their 
nean  aoguUr  velocities  are  inversely  as  the  radii  C  £  and  G  D ;  or 
inajiaboliH- 

tnean  angular  velocity  of  C  D  _  C  E 
mean  angular  velocity  of  0  E  "CD* 

Tn  tbe  snn-BTid-planet  motion,  aa  originally  contrived  and  con- 
itracted  by  Watt,  tbe  sun-wheel  and  planet-wheel  were  mads  of 
equal  radii;  so  that  C  D  was  =  2  C  E;  and  the  sun-wheel  made 
two  turns  for  each  revolution  of  the  planet-wheel  round  it. 

Thirdly,  as  to  the  ratio  of  tbe  linear  velocities  of  tbe  points  D 
Rud  £  at  any  instant ;  this  is  to  be  found  by  producing  D  C  till  it 
enta  A  B  in  I,  which  will  be  the  instantaneous  axia  of  tlie  planet- 
wheel;  and  then  taking  the  proi>ortion, 

velocity  of  D  _  I^ 
velocity  of  E  ~  I  E 

The  mean  value  of  this  ratio  is  unity,  as  already  rtated,  ItaHrfai 
its  greitest  and  least  values  iu  the  two  positions  of  tho  maiMBiltiiw 
when  B  D  and  C  D  are  in  one  straight  line,  so  that  I  MiwfalM 
■vith  B;  and  then  its  values  are  rcsjiectively 


i 


BD  .        BD 

D-DE  '^3J>*&fC 


S37.  BcccaMc  Ocarlaa,— This  IS  a 
periodically  varying  velocity- ratio  hjmmamtt  •  tnihk  flC  ^JmiAax 
wheels,  one  of  which  turns  ecceBtricdlf  rflMft  fll  «rfik     liL  ■ 


248 


GEOMEIBT  OF  MAGHIXXBT. 


nearly,  but  not  exactly,  equivalent  in  its  action  to  a  pair  of  elliptic 
toothed  wheels  (Article  100,  page  95).  In  fig.  178,  A  is  the  axis 
of  a  shaft,  which  carries  an  eccentric  circular  toothed  wheeL    This 


ns.178. 

gears  with  a  second  toothed  wheel,  centred  on  a  moveable  axis,  C,. 
which  gears  with  a  third  toothed  wheel,  centred  on  a  fixed  axis,  D. 
The  centres  of  the  three  wheels  are  linked  together  hy  the  two 
train-arms  B  C,  C  D;  so  that  the  wheels  are  kept  always  in 
gearing,  while  the  cen^  pin  B  revolves  round  the  axis  A;  Sup- 
pose the  wheels  on  B  and  D  to  be  of  equal  size.  Then,  if  the  train- 
arms  were  fixed,  the  rotation  of  the  first  wheel  about  B  would 
produce  a  rotation  of  the  third  wheel  about  D,  with  equal  speed 
and  in  the  same  direction.  The  effect  of  the  revolving  of  B  about 
A  is  to  combine  that  rotation  of  D  with  an  alternate  increase  and 
diminution  of  speed,  corresponding  to  the  alternate  diminution  and 
increase  of  the  angle  BCD.  The  greatest  and  least  values  of  the 
velocity-ratio  take  place  when  the  line  of  connection,  C  B,  touches 
the  two  sides  of  the  circle  described  by  B  about  A;  that  is  to  say, 
when  that  line  is  in  the  two  positions  marked  C  B  I  and  C  J  F 
respectively.  Let  I  and  J  bo  the  points  where  C  B  cuts  the  line 
of  centres,  D  A,  when  in  those  positions;  then  the  two  correspond* 
ing  values  of  the  velocity-ratio  of  D  to  A  are  respectively 

-      AI       ,-       AJ 
l  +  j^-jandl-.g^ 

238  Afsres«t0  i<iBkw«rk  te  CtoacraL — A  combination  in  aggre- 
gate linkwork  is  usually  of  the  following  kind : — A  bar,  or  other 
rigid  body,  capable  of  moving  parallel  to  a  given  plane,  huu  two  ol 
its  points  connected  by  means  of  rods  with  two  drivers: — ^A  third 
foint  IB  connected  by  means  of  a  rod  with  a  follower.    The  motiims 
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of  the  first  two  points,  as  comparer!  with  those  of  their  drivel's,  are 
determined  by  the  principles  of  elemectary  combinations  in  link- 
work,  and  BO  also  is  tbe  motion  of  the  follower,  as  compared  with 
that  of  the  third  point ;  but  the  determination  of  tbe  motion  of  the 
third  point  from  that  of  the  firHt  two  is  a  problem  to  be  solved  by 
the  principles  of  the  motion  of  secondary  pieces,  Article  69,  pages 
4d  to  48 ;  that  is,  by  the  process  of  finding  the  iaetantaneous  axis, 
or  hy  some  equivalent  process. 

Id  most  of  the  particular  cases  of  aggregate  velocities  obtained 
by  linkwork  which  occur  in  practice,  the  three  points  in  the  bar 
lire  either  situated  in  one  straight  line  to  which  their  motions  are 
perpendicular,  or  are  so  nearly  in  that  position  that  their  com* 
parativc  motions,  as  determined  on  the  supposition  of  their  being 
in  it  exactly,  are  sufficiently  near  to  the  tnith  for  practical 
pnrpOBes.     In  such  cases  let  A  and  B,  figs.  171)  and  180,  be  the 


Fit  irS- 


Fig.  IBO. 


two  pomla 

th«  third  point.  Draw  A  a  and  B  b  perpendicular  to  A  B,  and  of 
lengths  proportional  to  the  given  velocities,  and  in  the  proper 
■liTMrtion;  Join  a  b;  draw  C  e  also  perpendicular  to  A  B,  cutting 
a  6  in  e;  C  c  will  represont  the  velocity  of  C.  The  following 
fonnols  ja  the  symbolical  expression  of  the  same  rule,  in  which 
d,  b,  mnd  c  denote  the  velocities  of  A,  B,  and  C  respectively : — • 

-  °    BC  4  60  A 
'  ~  AB 

The  formula,  as  it  stands,  is  applicable  to  the  case  in  which  C  lies 
between  A  and  B,  the  velocities  a,  b,  and  e  being  treated  aa  posi- 
tive or  negative  according  to  their  directions.  When  C  lies 
beyond  B,  B  C  is  to  be  treated  as  negative,  and  C  A  as  positive; 
when  beyond  A,  C  A  is  to  be  treated  as  negative,  and  B  C  as 
positire. 

The  velocity  of  C  may  be  regarded  as  the  resultant  of  two  com- 
ponents,  -  :    „  ,  which  would  bo  its  velocity  if  B  were  fixed;  and 


t-C  A 
AB  ' 


AB  ' 
which  would  be  its  velocity  if  A  '<x 


I  of  afgnffAn  linkwork  may  be  used  to  combine  any 
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nnmber  of  component  motions    For  example,  in  fig.  181,  A,  B,  D, 
and  E  receive  motion  from  four  different  dnvera :  0  has  a  motion 

whose   components  depend 

k t       1°    ■     r 


i 


Fig.  181. 


on  the  motions  of  A  and  B^ 
and  F  a  motion  whose  com- 
ponents depend  on  the  mo- 
tions of  D  and  £;  and  G  hss 
a  motion  whose  components 
depend  on  the  motions  of 
C  and  Fy  sad  there£drs  on 


the  motions  of  A,  B,  D,  and  E,  jointly. 

239.    HarMMie   ni«Cl«i  te  A«i«j 

WfyoHon  is  to  be  understood  the  motion  of  a  point  which  moi7«s  to 
and  fro  in  a  straight  line  in  such  a  manner  that  its  velocity  at  ereiy 
instant  is  equal  to  the  component,  parallel  to  that  straight  line,  of 
another  point  which  revolves  uniformly  in  a  circle.  The  length  of 
the  straight  line  is  called  the  travd  of  the  reciprocating  point,  and  is 
equal  to  the  diameter  of  the  circle.  (As  to  the  component  velocities 
of  a  revolving  point,  see  Article  55,  pages  34,  35.) 

Harmonic  motion  is  exactly  realized  by  any  point  in  a  slot- 
headed  sliding  rod,  driven  by  an  uniformly  rotating  crank,  ss 
explained  in  Article  159,  page  169.  The  angle  which  the  cmnk 
makes  with  its  dead  points  is  called,  in  mathematical  langoage^  ths 
pJuwe  of  the  motion.  The  velocity  of  the  reciprocating  point  Taries 
proportionally  to  the  nne  of  the  phase;  and  the  distance  of  that 
point  from  its  middle  position  varies  as  the  cosine  qfthe  pkam. 

Harmonic  motion  is  approximately  realized  by  any  point  in  a 
piece,  such  as  a  piston,  which  is  driven  by  means  of  a  conn6cting-> 
rod  and  an  uniformly  rotating  crank.  The  extent  of  esror  in  thst 
approximation  may  be  expressed  either  in  the  form  otgreaiesi  errvr 
in  position  or  of  greatest  error  in  velocity.  The  greatest  error  in 
position  is  the  distance  of  the  reciprocating  point  from  the  middle 
of  its  travel,  when  the  crank  is  midway  between  its  dead  points; 
and  when  the  line  of  stroke  passes  through  the  axis  of  the  cnal^ 
its  value  may  be  found  either  by  constructing  a  figure,  or  by  tlis 
following  formula:-— 

l^  J  /2  -  c2; 

in  which  I  denotes  the  length  of  the  line  of  connection,  and  e  Iksft 
of  the  crank-arm.  The  comparative  error  in  position  is  the  ratio  of 
this  error  to  the  half- travel  c;  that  is  to  say, 


e      V   ijt 


1; 


neaify 


velocity  u  the  propartioiiftt«  ezcces  of 

tlie  greatest  Telowty  of  the  reciprocating  piece  ahovo  that  of  the 
crank-pin,  as  found  by  the  rules  of  Article  1S8,  pages  199  to  201. 
When  I  is  not  leas  than  2  c,  the  value  of  the  error  in  velocity  iji 
approximately  by  the  expression 


c 


V 


- 1, 


2>  °«^'y- 

When  the  line  of  stroke  does  not  pass  through  the  axis  of  rota- 
on  of  the  crank,  there  are  other  errors  arising  from  the  two  dead 

Eoiuta  not  being  diRmetrically  opposite.  Those  errors  may  be  found 
y  Rpplyiug  the  rules  of  Article  ISO,  page  1C>8. 
The  present  and  the  following  Article  relate  to  coses  iu  which 
two  points  in  a  bar  receive  ^ven  tninaverse  movements,  which  are 
eitJier  exactly  harmonic,  or  so  nearly  so  that  they  may  be  treated 
as  lurmonic  for  practical  purposes,  and  are  also  of  equal  period, 
and  bare  a  given  constant  difference  of  phase;  and  it  is  required  to 
find  tit*  extent  of  travel  aud  the  relative  phase  of  the  motion  of  a 
third  point,  sitnated  either  exactly  or  nearly  in  one  straight  line 
with  nw  Grat  two. 

The  fbDowing  is  the  general  rule  for  the  solution  of  all 
ncfa  I— fn  Some  of  its  applications  will  be  given  in  the  next 
Artkle: — 

BuUL — In  fig.  182  dtsw  the  straight  line  A  B  to  represent  the 
btr  to  <}aestioD,  and  let  A  and  B  represent  the  jiotnts  whose  motioua 
an  pTan.  Mid  C  the  point  whose  motion  is  to  be  found.  Feri>en- 
'"*—'-*•  to  A  B,  draw  A  a  to  represent  the  half-travel  of  A,  and  U  6 
to  nfnmat  the  half-travel  of  B.  These  distances  may  be  laid  off  in 
both  direetkms,  so  that  a  a  shall  represent  the  whole  travel  of  A, 
and&ft  tkalof  B.  The  (/i^eren«e  o/ ;iAaM  of  A  and  B  is  siippowd 
to  W  ptea;  that  is  to  say,  A  moves  as  if  driven  by  a  crank  A'  A* 
{=  A  »\  and  B  as  if  driven  by  a  crank  F  B'  (  =  B  6),  which  cnoka 
with  the  MBie  angular  veh^city,  and  niake  a  girm  conitaiA 
each  other. 

ul  B  kj  off  the  angles  B  A  D  =  A  B  D,  «Kh  •qnal  l» 

fcRwc  of  phase;  and  about  the  triangte  A  D  JB  imfifh» 

fvtm  9h,»b,  and  through  the  point  of  imtf  aittoa.  tC^ 

toij^  Km  D  E,  cuUing  the  cirela  la  W.     Mm  W  Jk^    ] 

AawMhAPB  willbeeqnaltolfa»<tw  DMtmmmif 

_    W«'r^=Aa,andF6-^  B6;th«r<rM4r«^Hr 

i^^  *•  twt  onka  wUeh  actullr  or  i#lii<i/4l*w  A  Mf 

is  ttrfr  aa^i«  pa^km  relotivdy  to  oidb  4#«t    $mt  ^  V . 

■  idlhcpMalU  to  AB(bec«iae  U  «•  ft*  Am«  if  |Im« 
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fleometry  that  FAB  and  ¥  t^  If  toe  siinilar  triangles).     linally, 
draw  t^e  straight  line  F  0,  catting  a'h'ind;  then  the  point  C  will 


^-.. 


N 


*N 


">*. 


/:/ 


Fig.  182. 

moTO  almost  exactly  as  if  it  were  driven  by  a  crank-ami,  C  (T, 
equal  in  length  to  F  ^,  and  having  the  angular  position  relativelj 
to  the  cranks  that  drive  A  and  B  which  F  c'  has  relativdj  to  F  a 
and  F  5';  that  is  to  say,  being  in  advance  of  the  crank  iHiidi  dimi 
A  by  the  ande  of  V  i,  and  oehind  the  crank  which  drivM  B  If 
the  angle  V  F  tf. 


^  U}tK-llOTIOI4&  253 

r:  Tbe  travel  of  C  may  be  repTeeent^d  in  the  fignre  by  drawiog, 
perpeDdicnkr  to  A  B,  tbe  straigfat  lioo  c  o  =  2  C  e  =  2Fc'. 

When  the  extent  of  travel  of  A  and  B  is  the  same,  part  of  the 
troable  of  the  construction  is  saved;  for  the  point  F  is  found 
simply  by  layiDg  off  the  angles  B  A  F  =  A  B  F,  each  equal  to 
half  the  supplement  of  the  difference  of  phase. 

Tlie  construction  which  has  been  described  solves  the  problem 
by  drawing  alone.  Sometimes  it  may  be  convenient  to  use  calcu- 
UtioD  combined  with  drawing;  and  then  the  whole  process  consista 
in  di«wing  the  triangle  F  a  b'  in  any  convenient  position,  with  its 
l^s,  F  a'  and  F  h,  equal  to  the  half-tiavel  of  tbe  points  A  and  B 
reapectively,  and  its  angle,  o'  F  6',  eqnal  to  the  difference  of  phase 
of  their  motions,  and  dividing,  by  calculation,  the  base  a'  b'  at  c'  in 
the  nme  proportion  in  which  A  B  is  divided  at  C. 

240.  LiBb-iiiadaBa  for  8Udc-T«l*«  belong  to  the  kind  of  com-  , 
binations  mentioned  in  the  preceding  Article.  The  bar  which 
rooeirea  harmonic  motion  is  called  the  link;  it  is  in  general  slightly 
cnrvad,  and  only  sometimes  straight  Two  points  in  it,  marked 
A  and  B  in  figs.  183  to  186,  receive  approximately-harmonic 
motioiu  from  two  eccentrics,  £  and  F,  on  the  engine-shaft.  0,  called 
reflectively  the  forward  and  the  backward  eccentrics.  The  link 
carriRfl  «  slider,  C.  That  slider  is  attached  to  the  head  of  the  slide- 
vaJre  spindle  either  directly  (as  shown  at  C  in  figs.  183,  184,  and 
185),  or  by  means  of  an  intermediate  rod,  C  X  (as  in  figs.  186, 
187),  The  slider  iscapable  of  being  adjusted  to  different  positions  in 
tbe  link,  either  by  shifting  the  link  (as  in  figs,  183,  184,  and 
185,  which  represent  Stephenson's  link-motion)  or  by  shifting  the 
slidrr  (■»  in  fig.  186,  which  represents  Gooch's  link-motion),  or  by 
shifting  the  link  and  the  slider  at  the  same  time  in  opposite 
directions  (as  in  Allan's  link-motion,  represented  in  fig,  187).  In 
Stephenson's  link-motion  the  form  of  the  link  is  an  are  of  a  circle, 
concave  towards  the  shaft,  and  of  a  radins  equal  to  tbe  length  of 
tbe  eooentrio  rods  E  A,  F  B.  In  Gooch's  link-motion  tbe  figure 
of  the  link  is  an  arc  of  a  circle  described  abont  the  bead,  X,  of  the 
*mlve-epitidle.  In  Allan's  link-motion  the  link  is  straight,  and  the 
adjustment  of  the  proportions  of  tbe  mechanism  for  shifting  it  will 
be  deaorihed  presently.  In  each  case  the  object  is,  that  the  shifting 
rf  tbe  position  of  the  slider,  C,  relatively  to  the  link,  A  B,  shall 
not  cause  any  aensiblu  alteration  of  the  middle  position  of  the 
■tide-valve.  In  each  of  the  figures,  O  D  represents  the  crank  of 
the  engine  to  which  the  link-motion  belongs,  the  positions  of  the 
pNTta  being  those  which  they  lake  when  that  crank  is  at  a  dead* 

In  eech  of  the  figures,  also,  the  eccentrics  are  represented  simply 
by  potnta,  E,  F,  which  mark  the  centres  of  the  eccentric  discs. 
Jt  bn  ainsdy  been  explained,  in  Article  195,  page  \'J1 ,  \.\iBh  so. 
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eeorattario  ia  equivalent  to  a  ennk  \riMM0  am  oouxadM  vftk  Hie 
eccentricity;  that  ia,  the  distance  bom  ttw  axb  ti  rohrtian  to  tfw 
ocntre  of  figim  of  the  di»& 


The  geneiml  problem  iu  qoestiona  M  to  the  BotioD  of  linkHMtiaH 
if  tbia;  th«  dimenuou  (tf  the  puti  bdng  givn,  lad  Ike  mSm 
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e  hj  the  eccentric-amiB  0  E,  O  F,  witti  the  crank  0  D ;  abo 
Sie  poeitioa  of  the  slider  C  in  the  link  A  B;  to  tiiid  the  length 
anil  positions  of  what  may  be  called  the  single  virtual  Kotntric-arm 
O  g;  that  is  to  say,  the  arm  of  a  Bingle  eccentric,  which,  if  con- 
nected with  the  Tulve-spindle  by  a  rod  marked  ^  0  in  figs.  163 
uid  184,  and  g  e  in  figii.  186  and  187,  would  pnKtuce,  approxi- 
mately,  the  same  motion  of  the  valve-Bpindle  that  the  actual 
mecbiuiism  produces. 

The  solution  of  that  problem  consists  generally  of  two  steps; 
the  first  being  to  find  the  two  virtual  eccentric  anna,  O  «,  Of, 
which,  on  the  su])poaition  of  the  eccentric  rods,  E  A,  P  B,  being 
inde&iitely  long,  or  of  slotted  cross-heads  being  used  instead  of 
eccentric  rods,  would  bo  equivalent  in  their  action  to  the  actaol 
ecoentrics  with  their  oblique  rods;  and  the  second  step  being  to 
find  the  single  rirtual  eccentric  arm,  0  g,  whose  action  ia  equivalent 
to  the  combined  action  of  those  two,  on  the  same  supposition  of  ma 
mdefinite  length  of  rod  or  a  slotted  cross-head  being  used. 

There  ore  two  different  Bjrraogements  of  the  eccentric  i-ods,  which 
are  said  to  be  croued  or  t^ien  accoi-ding  as  they  crosfi  each  other  or 
not  when  the  crank  0  D  is  pointing  away  from  the  cylinder.  In 
figs.  163  and  186  the  rods  are  open;  in  tigs.  184:  and  187  they  are 
crossed.     The  two  following  mleo  apply  to  either  arrangement ;  — 

L  To  find  the  virtual  fincard  and  backward  eecentric  ama. 
Through  A  and  B  draw  straight  lines  parallel  to  the  line  of  stroke, 
O  X,  of  tho  valve-spindlo,  and  mark  on  those  straight  lines  the 
enda  of  the  travel  of  the  points  A  and  B  respectively,  a',  al,  and 
(/,  b'.  These  points  ore  to  be  found  by  Rule  1.  of  Article  186, 
page  108.  Bisect  a'  a'  in  a,  and  6'  b'  in  b.  Join  O  a  and  Ob; 
tbeao  Dtnight  lines  will  pass  nearly,  though  not  exactly,  througli 
th*  dead-poiuU  of  tho  eccentrics  E  and  F  respectively.  Lav  olT 
Uic  angles  X  O  a  ^  a  O  E  and  X  0  /  =^  6  O  F,  and  make 
0»  =  avi  and  0/  =6  6'.  Then  0  e  and  O  /'  will  be  the  required 
lirtnal  forward  and  backward  eccentric  arms. 

IL  To  find  the  lingle  virtual  eccentric  arm.  Draw  the  straight 
lisa  e/,  and  in  it  take  the  point  ff,  dividing  e/'m  the  some  pro- 
ftortioo  in  which  the  slider  C  divides  A  B.  O  ^  will  be  the 
nqtured  virtual  single  eccentric  arm. 

The  preceding  rnlcs  are  applicable  to  all  the  throe  constructinna 
of  link-motion.  But  for  each  particular  construction  there  are 
i^MCial  mles  by  which  the  process  may  be  simplified,  to  the  extent 
of  dispeniring  with  the  whole  or  part  of  the  detailed  proceas,  except 
lor  certain  principal  positions  of  the  slider  in  the  link. 

m.  In  Goo€h'a  LijJc-Motiim  (fig.  180)  the  link  is  hung  or  attached 
to  a  fixed  iiin  by  mvana  of  the  rod  I.  J,  and  the  alt«ratiou  of  the 
pMltioD  of  the  slider  C  in  it  is  efiecled  by  shifting  a  lever  (not 
■btmt),  oaa  «tid  of  which  is  connected,  by  nteaus  oC  t\i«  lu^  ^  %V| 
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the  Tfttve-rod  C  X.  The  remit  is  that  the  virtual  forward 
•nd  bucknnrd  eccentric  arms  O  e  and  0  /  &re  the  same  for  all 
ptmtioDB  of  the  slider  io  the  link,  and  have  only  to  be  found  once 
for  alL  The  figure  shows  ihia  motion  with  open  eccentric- rods; 
and  the  angle  <0/=  E  O  F  -  aO  6;  but  it  is  also  made  with 
crossed  eccentric-rods,  nod  then  the  angle  e  O/  =EOF  +  o0  6. 

IV.  Id  SCfphenson't  Link-Motion  (figs.  183,  184)  the  link  u 
attached  by  the  rod  J  L  to  the  end  of  a  lever  (not  ahown) ;  and  by 
fthifting  that  lever  the  position  of  the  link  relatively  to  the  slider 
is  changed  when  re^jnired.  The  consequence  is  that  the  virtnal 
eecentnc  arms  O  e  and  O  /  are  different  in  length  and  position  for 
evef;  different  position  of  the  slider  in  the  link ;  and  the  application 
of  the  general  Rules  I.  and  II.  toa  variety  of  such  positiona  becomes 
a  tedious  process.  The  time  and  labour,  however,  required  for 
that  process  are  to  a  great  extent  saved  by  using  the  following 
approximato  method,  which  is  sufficiently  accarate  for  practical 
parpoaea: — When  the  link-motion  is  in  full  forward  gear—that  is, 
when  C  coincides  with  A — the  actual  forward  eccentric  arm  O  E  is 
itself  the  virtual  eccentric  arm.  When  the  link-motion  is  in  full 
backward  gear — tlmt  is,  when  C  coincides  with  B — the  actnal 
backward  eccentric  arm  O  F  is  itself  the  virtual  eccentric  arm. 
For  intermediate  positions  proceed  as  follows  (nee  fig,  1  S/i) : — Draw 
the  link  A  B  in  that  jiosition  in  which  the  straight  line  A  B  is 
jnrsllel  to  the  straight  line  E  F,  and  let  H  be  the  centre  of 
mrvatnreof  the  link  when  in  that  position;  its  radius,  H  A  =  H  B, 
being  eqnal  to  the  length  of  each  of  the  eccentric-rods  E  A,  F  B, 
Then,  i/tht  eaxnirie-Todt  uTt  open,  draw  E  E  parallel  to  A  H,  and 
F  K  parallel  to  B  H,  cutting  each  other  in  K ;  and  through  the 
three  points  E,  F,  K  describe  a  circle ;  the  arc  Ey  F  of  that  circle  will 
be  a  Trry  close  approximation  to  the  curve  that  contains  the  ends 
of  all  the  virtual  single  eccentric  radiL  For  a  given  position,  C,  of 
the  alider,  take  the  point  g,  dividing  the  arc  E  F  in  the  same  pro- 
partjoQ  in  which  C  divides  A  B;  and  O  g  will  be  the  required 
virtiia] eooentric  radius.  1/tht  eccentric-rexit  areerosied,  draw  EE.' 
pmOel  to  A'  H,  and  F  K'  parallel  to  B'  H,  cutting  each  other  in 
£-;  and  through  the  three  points  E,  F,  E'  describe  a  circle.  The  arc 
E  y  F  of  that  circle  will  be  a  very  close  approximation  to  the  curve 
containing  the  ends  of  all  the  virtual  single  eccentric  tadli  In  this 
arc  tak«  the  point  ^,  dividing  it  in  the  same  proportion  in  which  C 
divides  tlie  link;  and  Oij^will  be  the  required  virtual  eccentric  radios. 

V,  JUan't  Lini-Hotion — Cantr*  o/t/u  Shi/iing-Lener. — In  Allan's 
link-notion  (fig.  187)  the  middle  point,  J,  of  the  link,  and  any 
coareaient  point,  M,  is  the  valve-rod  G  X,  are  attached  by  rods 
to  the  two  ends  of  a  lever,  N  L,  wliich  tuma  about  an  axis  at  P; 
emI  Um  poaition  of  the  slider  C  in  the  link  A  B  is  adjusted  by 

the  faandle  P  Q.      In  order  that  the  motion  Ta&y  'wcit^ 
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oorrectly,  the  centre  of  the  ahifting-lerer  must  be  pniperlj  jdaced 
and  the  foUowiag  is  the  rale  for  finding  its  pontion : — ^lu  ^  186 


draw  the  imsceles  triauglo  O  A  B,  in  which  A  B  is  the  length  of 
the  link,  and  O  A  and  O  B  are  each  equal  to  the  iongtb  of  an 
fcoentrio  *  rod.  About  O 
(Intw  a  ciTCular  arc  through 
A  and  B.  BUect  the 
Btntight  line  A  B  in  J; 
join  U  J,  and  produce  it^ 
iBokiiig  J  X  equal  to  the 
Imgtti  uf  the  Tulve-rod; 
And  mark,  in  J  X,  the 
pocitioa  of  the  point  M  to 
which  the  rod  M  N  is  to 
be  attnchcd.  About  X, 
villi  the  radina  X  J. 
dmw  a  drculur  btc,  J  B', 
cutting  the  arc  through 
A  and  B  in  B'.  Make 
.  A-  =  B  A,  and  0  A'  = 

■  A  ;  join  B'  A',  and  bisect 

■  111  J'.  AJw  join  X  B'; 
und  in  it  take  X  M' =  X  M. 
Tbes  H  U'  and  J  J'  will 
b«  the  distances  through 
wbicb  U  and  J  are  rimpeo- 
tivelj'  to  bo  shifted  in  order 
to  Mhift  the  sbder  C  from 
Budgau  to  fitU  gear — that 
H,  trota  J  to  B,  or  to  A,  OB 
the  case  may  be.  Braw 
iIm  atfaight  line  M'  J',  cut- 
tiog  MJ  in  R,  and  through 
K  dnw  R  P  per^eudicular  to  O  X;  tbi 
loTsr  ia  to  be  plarad  at  a  convenient  point  in  the  lino  R  P. 

VI.  AUan't  LijiiMotitm— Virtual  EccmCric  Arm. — B;  the  a[>- 
pUoaiioa  of  the  general  Rules  I.  and  II.,  find  the 
Tirttwl  eccmtric  arms  in  full  forward  gear,  O  e;  in 
fnll  backward  gear,  O/;  and  in  mid-gear,  0  jf ;  and 
draw  tfavm  in  a  diagram,  as  in  fig.  IS'J.     Thou 
tluaogh  the  points  c,  0>,  and  /'draw  a  circular  arc;        Fig.  1S3. 
tbia  «nll  be  apnroxiniat«ly  the  curve  containing  the 
ends  ct  kU  toe  virtual  eccentric  arms  for  difierent  posittoi 
lb*  ibdcr;  and  it  ia  to  be  used  like  the  corresponding  carv 
Bt^ibmamao't  Unk-motioii.     If  the  rode  are  open,  thi 


Fig.  188. 


f  the  shifting 


ooncftve  towardu  0,aatg/;  if  croued,  i 
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It  is  to  be  remarked  tbat  in  order  to  show  distinctlj  tlie 
principles  of  the  construction  of  the  figures  illustrating  this  article, 
all  those  dimensions  which  give  rise  to  errors — ^that  is,  to  deviations 
from  the  exact  law  of  harmonic  motion — are  exaggerated;  such  as 
the  lengths  of  the  link  A  B,  and  of  the  eccentric-arms  O  E  and  O  F, 
as  compared  with  that  of  the  eccentric-rods  £  A  and  F  R  In 
ordinary  practice  the  link  is  from  one-third  to  one-fifth,  and  each 
of  the  eccentric-arms  about  one-twentyfifth  of  the  length  of  au 
I  eccentric-rod;  and  the  effect  of  these  propor- 

I  tioDS  is  to  make  the  deviation  of  the  resultant 

motion  of  the  slide-valve  from  true  harmonic 
motion  practically  inappreciablei 

241.  DiflereBttel  Bm«Bic  H^cImm. — Two 
primary  pieces,  having  different  motions,  may 
be  regarded  as  constituting  an  aggregate  com- 
biuation  with  respect  to  the  motion  of  one  of 
them  relatively  to  the  other;  becanse  that 
motion  is  the  resultant  of  two  components: 
for  example,  if  A  be  taken  to  denote  the  frame, 
and  B  and  C  the  two  primary  pieces,  the  motion 
of  C  relatively  to  B  is  the  resultant  of  the 
motion  of  B  relatively  to  A,  and  of  a  motion 
equal  and  contraiy  to  the  motion  of  B  rdatiTdy 
to  A.  This  principle  has  been  already  staled 
in  Article  42,  page  21  The  following  is  <me 
of  it«  most  frequent  applications: — ^In  fig.  190, 
let  6  and  c  be  two  pieces  which  have  approzi* 
mately  harmonic  motions  in  parallel  diieotioni 
and  of  equal  periodic  time,  but  difiering  ia 
phase,  given  to  them  respectively  by  two  cnoki 
or  eccentric-arms,  A  B  and  A  C,  which  ton  Si 
one  piece  with  the  same  angular  velooitj  abovi 
axis  A,  the  angle  BAG  being  the  difibraoe 
of  phase.  Then  the  motion  of  the  dide  c  re- 
latively to  the  slide  b  is  approximately  tlie  aaae 
with  that  which  would  be  produced  by  a  cimak 
,^  or  eccentric-arm,  B  C,  turning  with  the  mmt 
\  angular  velocity;  that  is  to  say,  it  is  an  sp- 
;  proximately  harmonic  motion  of  the  Mme 
.'  peiiodic  time  with  the  two  elementary  motioai 
/  of  B  and  C;  its  half-travel  is  equal  to  B  0,  and 
its  phase  at  any  instant  is  that  corrmondingto 
the  direction  of  B  0  at  that  instant.  Tnis  is  wi^ 
may  be  called  a  differential  harmonic  molioa; 
and  upon  such  motions  depends  the  aelion  d 
double  slide-valves  and  moveable  slide-valve  seats  in 
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Fig.  190. 


:ed  Aggregate  Fatht. 

—Some  circular  aggregate  patliB 
i  \y  means  of  meclianical  combinations,  which  are  capable 
«Iw>  of  ta«cmg  ellipses,  if  requirtnl;  and  these  will  be  described 
further  on.  The  present  Article  relates  to  combinations  in  which 
circular  paths  alone  are  traced. 

Amongst  euch  combinations  may  be  classed  the  coupling-rod 
(hown  iq  fig.  32,  Article  G8,  page  44;  for  every  point  in  or  rigidly 
kttAched  to  that  rod  traces  a  circle  of  a  radius  equal  in  length  to 
the  craok-ai-ms  bj  which  the  rod  is  carried;  and  the  same  takes 
place  in  ever;  case  in  which  a  secondnry  piece  has  a  motion  of 
circular  translation  without  rotation.  For  example,  in  fig.  191,  A 
n  a  centra  pin,  carrying  a  fixed  spur-wheel — in  other  words,  a  spur- 
vbcd  without  rotation.  About  the  axis  of  that  wheel  there  tunu 
ft  disceuTTinga  set  of  diverg- 
ing epicjclic  trains.  Each  . 
e|jaGjvlio  Inin  consists  of  a 
■por-wbeel,  B,  gearing  with 
the  fixed  wheel  A,  and  an- 
otbeT  spor-wheel,  C,  gearing 
with  D.  The  last  spur-wheel, 
C,  »  exactly  equal  in  radius 
and  in  number  of  teeth  to 
tb«  6x«id  wheel  A;  and  the 
CMMWqaenoe  is,  that  each  of 
thm  vneeb  marked  C  has  an 
angular  velocity  equal  to  that 
of  A — that  is  to  say,  equal  to 
BOtltingi  in  oUier  words, when 
tbe  due  rotates,  the  wheels 
aoarfced  C  have  a  motion  of 
drcnlar  translation   without 

TotatioB.  Let  Ebeany  [lointinoneofthewheelsC;  anddiavAI> 
rqoal  and  parallel  to  C  E;  then  E  ttacca  a  circle  round  D,  exactly 
njml  to  the  circle  which  the  centre  V  of  the  wheel  to  which  E 
lieloogt  traces  round  A  at  the  same  time.  This  combination  is  used 
Btoh  of  the  wheels  C  carries  a  bobbin  from 
;  and 


I 
I 


a  ■nDiiinft  wire  ropea 


s  the  spinning  K°es  <     , 
in  the  wheels  C  is,  that  tha 
vithout  being  twisted,  which 


which  a  win  or  a  strand  is  paid  out 
tba  vflcct  of  the  absence  of  rotation 
wirta  or  strands  are  spun  togetli 
woold  oventnun  the  material 

The  oomhiuation  shown  in  fig.  192  nerves  to  guide  a  point  0 
along  aa  are,  B  C  A,  of  a  circlf*  i)f  n  radius  so  great  that  it  wovAi. 
he  iacoaTniiBitt  (o  guide  the  jioiut  C  ii^  cuniiccling  it  (^Tectij  Vi^^ 
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the  centre  of  the  circle.  It  is  based  upon  this  well-known 
geometrical  principle : — Let  A  and  B  be  any  two  fixed  points  in  the 
circular  arc  to  be  traced;  then  the  two  chords  C  A,  C  B  make 

with  each  oUier  a  oonstant  angle  at  C — ^viz., 
the  supplement  of  one-half  of  the  angle  which 
the  arc  A  B  subtends  at  ihe  centre  of  the 
circla  Two  rods  are  £B»tened  together  at  C, 
80  as  to  make  with  each  other  the  proper  con- 
stant angle;  and  thej  are  guided  by  passing 
through  sockets  at  A  and  B,  which  sockets  an 
free  to  turn  about  A  and  B  T6st)ectiYel7y  but 
not  to  move  otherwise.  Then,  when  the  rods 
are  made  to  slide  through  the  sockets^  the 
point  C  traces  the  required  circular  ara  The 
angle  made  by  the  rods  with  each  other  maj 
be  made  adjustable  by  means  of  a  screw  or 
otherwise,  so  as  to  vary  the  curvature  of  the 
arc  when  required. 

243.  BpUrochoidai  Paths. — An  epitrochoid  is 
the  curve  traced  by  a  point  in  or  rigidly  at- 
tached to  a  circle  which  rolls  either  inside  or 
outside  of  another  circle  (called  the  ham-cirde) ; 
also,  if  two  circles  (as  the  pitch-circles  of  two 
spur-wheels)  turn  in  rolling  contact  with  each 
other  about  fixed  axes,  a  point  rigidly  attached 
to  one  of  those  circles  traces  an  epitrochoid 
upon  a  disc  rigidly  attached  to  the  other. 

When  the  tracing-point  is  tft  t4«  dreurn- 
ference  of  the  rolling-eiroley  the  oorve  tnoed 
becomes  that  particular  kind  of  epitrochoid 
that  is  called  an  epicydcid.  The  propertief 
of  this  curve  have  already  been  explained  ia 
Article  78,  page  56,  with  a  view  to  its  adapta- 
tion to  the  figures  of  the  teeth  of  wheels. 

If  the  circumferences  of  the  rolling-circle  and 
of  the  base-circle  are  commensurable  with  esdi 
other,  the  epitrochoid  returns  into  itself,  and 
has  a  finite  number  of  lobes  or  ochIs— 'Via,  the 
fig.  192.  denominator  of  the  fraction  which,  being  in  its 

least  terms,  expresses  the  ratio  borne  by  th« 
eircumference  of  the  railing-circle  to  that  of  the  base-ctroleL  If 
those  circumferences  are  incommensurable,  the  epitrochoid  does 
not  return  into  itself,  so  that  the  number  of  its  lobes  or  coils  if 
indefinite. 

When  the  rolling-circle  rolls  outside  a  base-oirde  of  equal^nidia^ 
ihe  epitrochoid  is  one-lob^d^  aud  ia  oalLed  a        **  *  - 
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It  the  examples  Bhown  in  figs.  11)3,  101,  and  105  the  a,\io  of 


?M 


GEOMETRT  OF  MACHINEBT. 


the  rolling-circle  to  the  base-circle  is  -,  so  that  the  epitrochoids  are 

o 

three-lobed.  Each  figure  shows  an  external  and  an  internal  epitro- 
choid,  traced  by  rolling  the  rolling-circle  outside  and  inside  the 
base-circle  respectively.  The  centres  of  the  base-circles  are  marked 
A ;  those  of  the  external  rolling-circles,  B ;  those  of  the  internal 
rolling- circles,  b;  and  the  tracing-points  of  the  external  and  in- 
ternal rolling-circles  are  marked  C  and  e  respectively. 

In  ^,  193  the  tracing-points  are  in  the  circumferences  of  the 
rolling-circles;  and  the  curves  traced  are  epicycloids,  distingaished 
by  having  cusps  at  the  points  where  the  tracing-point  ooinddes 
with  the  base-circle.  In  fig.  194  the  tracing-points  are  inside  the 
rolling-circles;  and  the  curves  traced  are  prolate  tpUro^oids^ 
distinguished  by  their  wave-like  form.     In  €g.  195  the  tndng- 


Flg.  196. 


points  are  outside  the  rolling-circles;  and  the  curves  traced  m 
eurtaie  epitrochoidSf  distinguished  by  their  looped  form. 

An  important  property  of  curves  traced  by  rolling  has  already 

been  mentioned — viz.,  that  at  every  instant  the  straight  line 

joimng  the  tracing-point  and  the  pitch-pointy  or  point  of  oontact  of 
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Dg-cnrve  and  base-curve,  Is  nonaal  to  the  traced  curve  at 

Bg-point 

■tance  B  C  or  6  c  may  in  each  case  be  called  the  tracing- 

ehanism  for  tbe  tracing  of  epitrochoids  (used  diiefly  in. 
tal  taming),  tbe  rolling  and  base-circles  are  the  pitch-ordea 
«f  epar-wheela,  made  with  great  accunuy.  (See  p^s  290.) 
I«iie4  FntiH  Im  Onerai. — An  infinit*  variety  of  curves 
need  by  rolling  dlHereut  pairs  of  non-circalar  curves  upon 
Br.  In  practice  it  is  most  convenient  to  limit  this  process 
of  non-circular  curves  which  are  capable  of  turning  in 
Ontact  about  fixed  parallel  axes;  that  is  to  say,  vhich  are 
ibr  the  pitch-lines  of  wheels,  according  to  the  principles 
d  in  Article  107,  page  d'2.  Suppose  any  such  pair  of 
a  to  turn  in  rolling  contact  with  each  other;  then  a  point 
ittachcd  to  one  of  them  (the  rolling-lbe)  will  trace  upon  a 
dly  attached  to  the  other  (the  base-line)  a  third  curve;  at 
dnt  in  that  third  or  traeed  curve  the  normal  will  be  the 
line  tiuversiug  the  tracing-point  and  the  pitch-point,  or 
contact  of  the  rolling-line  and  baae-line.* 


.jSowiog  role  giv«  ui  ipproiiniate  method  of  determining  the 
k  ralliag-carve  ladbaae-ciirTe  aaited  for  trsciog  odp  lobe  of  u  uivcr 
"    ■     -      '  «n  pole,  A(MEtij(.  195a);  thBtermpDlcbeingnsedt<: 


S1&  Biiip«ta  VMka  amett  by  ■•luiv  fbtm  a  partienbr  ene  of 
■nteni&l  epitrocboida.  la  fig.  196  is  represented  ft  roUing-drcl^ 
«bioh  lolu  ineide  a  baae-ciTde  of  exactlj  twice  its  nAm    Then 


denote  the  trace  of  the  a 


Tig.  198. 
is  of  the  ban-wheel  upon  the  plane  of  the  ghm 


Let  A  B  and  A  C  be  the  greatest  snd  least  dututoea  of  the  gim  m 
from  the  pole.     Make  the  line  of  centres  A  D  =  A  E  = ^ ;  i 

the  tracing -arm  D  B  =  C  B 


ndiu,  dn V  *  aiicle,  D  E ;  thitwiUbeUie  pafhof  the  udearthenniM- 

rre.     Take  a  serin  of  yioiiiti,  F„  P„  F„  &c.,  in  the  com  to  be  toieed, 

and  from  eaeli  of  tham  lay  off,  to  the  drcomferance  (^  the  <iida,  D  ^  • 

'to  th«  tndn 


cnrre.  Take  a  seriea  of  pointi.  F, 
and  from  eaeli  of  then  '  "  *" 
tlittmcv,  T  a,  equal 


tnciDg-enni    thus   ttt^t^g  ■  e 
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liidering  &  qtMrter  of  a  revolution  at  a  time),  while  the  centre 
of  tlw  rolUiig-ctrcle  traces  a  quadrant,  B  b,  of  an  equal  circle  abont 
A,  a  point  D  in  the  eircnmference  of  the  rolling-circle  traces  a 
etru'ght  line  traversing  A,  and  a  point  C,  inside  the  rolling- circle, 
traces  B  quudrnnt,  C  c,  of  an  ellipse  whose  semiitxes  are  A  C  i^ 
AB  +  BO,  and  Ac  =  CD  =  AB  -  BC;  also  a  point  C  outside 
the  rolling-circle,  but  rigidly  attached  to  it,  tntces  a  quadrant,  (7  if, 
of  an  ellipse  whoae  semiaxes  areAC  =  BO'  4-AB,  and  A  e"  = 
C  D  =  B  C?  —  A  B.  The  former  niaj  be  called  an  inlemal,  and  the 
l&tter  an  extamal,  ejlipse.  The  proportions  of  the  axes  of  either  of 
tbem  may  be  indefinitely  varied  by  adjusting  the  position  of  the 
tiacing-point;  but  in  every  internal  ellipse  the  sum,  and  in  every 
external  ellipse  the  difference,  of  the  semiaxes  is  equal  to  the 
Gaineter  of  the  rolling-circle — that  is,  to  the  radius  of  the  base-circle. 
This  is  the  principle  of  the  mechanism  commonly  used  for 
~    ning  dlipscs.     (See  Addendum,  page  290.) 

t  ia  evident  that  by  having  a  number  of  tracing-points  carried 
J  one  mlling-circle,  seven!  ellipses  differently  proportioned  and 
B  ditlcrent  positions  may  be  traced  at  the  same  time. 

246.  A.  Tranvcl  is  a  substitute  for  a  pair  of  rolling- circles 
Bit«d  for  tracing  ellipses;  but  it  is  less  used  in  mechanism  than  in 
'nwing  instruments.  It  depends  on  the  following  principles: — 
Iwt  vrery  point  in  the  circumference  of  the  rolling-circle  in  fig, 
|j96  traces  a  straight  line  through  A ;  and  that  consequently,  if  ' 
two  point*  in  a  rigid  body,  so  chosen  as  to  be  in  the  circumference 
of  one  drcle  through  A,  be  so  guided  as  to  move  in  straight  lines 
tT«Tennng  A,  the  whole  body  will  move  as  if  it  were  carried  by 
ibat  circle,  rolling  inside  a  circle  of  twice  the  radius. 

In  fig.  197,  let  X  X  and  Y  Y  be  the  centre  lines  of  two  straight 
grooves,  cutting  each  other  in  A ;  and  let  fi  and  C  be  the  centres 
of  two  pins  which  elide  along  those  grooves  respectively  at  an 
invambie distance, BC, from  each  other.  Through  B, peqiendicular 
to  X  X,  and  throngh  C,  perpendicular  to  T  T,  di'aw  the  straight 
Ums  B  O,  C  G,  cutting  each  otlier  in  0;  this  jKiint  will  evidently 
Im  Uw  tmee  of  the  in»tanianeou*  axU  of  a  rigid  Iwdy  attached  to  B 
tad  C  Join  A  0,  histtct  it  in  D,  and  al>out  D  draw  a  circls 
■  of  polnta,  G,,  kc„  in  that  circle.  (Two  only  nf  these  points  ue 
"d,  topravatit  conftuioD.J 
r  tb*  radii  A(>.,  Aa  Tben.  thnmgli  tbo  pointiF,.  Ac,  draw  a 
'«,  F,  H,,  Ac,  cutting  their  corrcBixmdiug  radii  iu  asenHof 
pnvi^  u,,  oo.    ThcM  will  be  ^ninta  in  the  batt-aii-ce. 

in  coBSViiet  tho  mUing-caryt,  draw,  in  a  wiMixate  dio^n'am,  the  tracing- 
ana  0/—O  F;  draw  the  radii  g  h,  Ac,  c<iaal  to  tho  cwreaponiling  lines 
O,  H_  Ac,  in  the  original  diagram,  and  making  the  oD^i^/gh,,  ta., 
sonal  M>  tits  cumsponJiiig  anglM  F,  Q,  H,,  ke.,  in  the  originaldiagram; 
tMM  A,,  Ac,  will  be  point*  in  the  roiinired  roIlii)K-(^i"^'<' ;  H  t>ciu|j  the  true 
of  it*  aiii^  which  in  at  the  invariable  distance  A  D  Irani  th«  txik  ^  4w 
twMIIIIIII]  and/the tnKin^-pninl^ 
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through  A  and  G.     That  circle  will  also  traverse  B  and  C,  because 
the  angles  A  B  G  and  A  0  G  are  right  angles.     Now,  the  length  of 


Fig.  197. 

the  chord  B  C  in  that  circle  is  constant,  and  it  sabtends  at  the 
circumference  the  constant  angles  TAX  and  B  G  C;  therefore 
the  diameter  A  G  of  that  circle  is  constant  in  all  positioiia  of  the 
pins  B  and  C  as  they  slide  along  the  grooves;  therefore  theeerertl 
positions  of  the  instantaneous  centre,  G,  are  all  in  one  circle  de- 
scribed about  A;  therefore  the  motion  of  a  rigid  body  attached  to 
the  pins  B  and  0  is  the  same  as  if  it  were  carried  by  the  drde 
A  B  G  C  rolling  inside  a  circle  of  twice  the  radius  described  about 
A.  Hence  the  point  D  in  such  a  rigid  body  traces  a  drde  about 
A;  and  any  other  point,  such  as  E,  traces  an  ellipse  whose  aemi- 
axes  are  respectively  equal  to  A  D  +  D  E  and  A  D  —  D  S.  Hie 
straight  line  G  £  is  at  every  instant  a  normal  to  the  ellqpee  tneed 
by  the  point  E. 
In  the  ordinary  form  of  the  trammel,  represented  in  fig.  Ift^  ^ 


grooves  X  X  and  Y  Y  are  at  right  angles  to  eacli  other;  and  the 
moviiig  rigid  bod;  is  a  straight  rod,  B  C  F,  carried  hy  two  pioa  at 
B  and  C,  which  ore  fixed  in  blocks  that  slide  along  the  grooves. 


I 


The  tndng-point  is  moveable,  and  can  be  adjusted  to  any  required 
pOBtion  along  the  rod.     When  midway  between  B  and  C,  at  D,  it 

tlitti  a  drcto  of  the  mdius  —^ ;  when  at  any  other  intermediate 

pciiit,  racb  an  B,  it  traces  an  ellipse  whose  semiaxes  are  eqnal  re- 
IfCctiTely  to  E  B  and  E  C;  and  if  the  rod  be  prolonged,  a  point  F 
m  lie  tirolongaljoa  traces  ao  ellipse  whose  semiaxes  are  equal  re- 
^tectivdy  to  F  B  and  F  C.  In  each  case  the  axes  of  the  ellipse 
eoinddA  with  the  centre  lines  of  the  grooves  X  X  and  Y  Y. 

When  the  trammel  is  oblique-angled  at  A,  the  positions  of  the 
axM  of  the  ellipse  described  by  a  riven  tracing- point,  E  (fig.  197), 
as  Ikrand  u  follows :— Produce  E  D  tiU  it  cuts  the  virtual  rolling- 
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circle  in  a;  join  6  a,  C  a;  then  E  a  B  and  E  a  C  will  be  eqiud  to 
the  angles  made  by  the  longer  axis  with  X  X  and  Y  Y  reapeotivelj; 
and  the  shorter  axis  will  of  course  be  perpendicular  to  the  longer.* 
247.  Feathering  Paddie-WheeU  exemplify  a  class  of  aggr^ate 
combinations  in  which  linkwork  is  the  means  of  producing  the 
aggregate  motion.  Each  of  the  paddles  is  supported  hy  a  pair  of 
journals,  so  as  to  be  capable  of  turning  about  a  moving  axis  parallel 
to  the  axis  of  the  paddle-wheel,  while  its  position  relatively  to 
that  moving  axis  is  regulated  hj  means  of  a  lever  and  rod  con- 
necting it  with  another  fixed  axis.  Thus,  in  fig.  199,  A  is  the 
axis  of  the  paddle-wheel;  K  the  other  fixed  axis,  or  ecoentrio-axis; 
B,  E,  N,  C,  F,  M,  D  the  axis  of  a  paddle  at  various  points  of  its 


Fig.  199. 

revolution  round  the  axis  A  of  the  wheel;  B  F,  E  H,  IT  Q,  C B» 
P  S,  M  L,  D  G,  the  stem-lever  of  the  paddle  in  variouB  pontioiii; 
K  F,  K  H,  K  Q,  K  H,  K  S,  K  L,  K  G,  various  pontiont  of  th* 
guide-rod  which  connects  the  stem-lever  with  the  eccentruMziiL 
When  the  end  of  the  paddle-shaft  ov$rhang$^  and  has  no 

*  Hie  oblique-angled  trammel  it  beliared  to  be  ilM 
Sdonutd  float* 


iawlte  oflfft 
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bnring.  tlie  eccentric- ax iH  may  be  occupied  by  a  pin  fixed  to  the 
-{•ddle-boz  framing;  bat  if  the  puddle-aliaft  baa  an  ouUide  as  well 
a  inside  beariug,  the  inner  euds  of  the  guide-rods  are  attached 
n  eoeenlric  collar,  large  enough  to  contain  the  paddle-shaft  and 

k  bearing  within  it,  and  represented  by  the  amall  dotted  circle  that 
b  dcacribed  about  K.     One  of  the  rods,  called  the  driving-rod,  is 

ndly  fixed  to  the  collar,  in  order  to  make  it  rotate  about  tbe  axis 

.;  the  remainder  of  the  rods  are  jointed  to  the  collar  with  pina. 

The  object  of  the  combination  ia  to  make  tbe  paddies,  so  long  as 
J  are  immersed,  move  as  nearly  as  possible  edgewise  relatively 
to  the  water  in  the  [rnddle-race.  The  paddle-race  ia  assumed  to  be 
a  nniTorm  current  moving  horizontally,  relatively  to  the  axia  A, 
with  a  velocity  ei^ual  to  tiiat  with  which  the  axes  B,  &c,  of  the 
paddle-jooraala  revolve  round  A.  Let  £  bo  the  position  of  a 
[Niddl«-jonmal  axis  at  any  given  inatant;  conceive  the  velocity  of 
tlte  point  £  in  its  levolation  muDd  A  to  be  resolved  into  two  com- 
ponetits, — a  normal  component  perpendicular,  and  a  tangential  com- 
ponent parallel,  to  the  face  of  the  paddle.  Conceive  the  velocity  of 
th«particIeBofwater  in  the  paddle-race  to  be  resolved  in  the  same  way. 
Then,  in  order  tliat  the  paddle  may  move  as  nearly  as  possible  edge- 
wise relatdrely  to  the  water,  the  normal  eompunenta  ol'  the  velooities 
of  Uie  journal  E  and  of  tbe  jiarticles  of  water  should  be  identical. 

Let  B  be  tbe  lowest  point  of  the  circle  deacribed  by  tbe  paddle- 
Jetmal  axes;  that  is,  let  A  B  be  vertical.  Draw  the  chord  £  B. 
Then  it  is  evident  that  tlie  component  velocities  of  the  points  B 
uid  B  along  E  B  are  identical.  Uut  the  velocity  of  B  is  identical 
in  amount  and  direction  with  that  of  the  water  in  the  paddle-race. 
Tbettfowi  the  &oe  of  a  paddle  at  £  should  be  normal  to  the  chord 
B  B,  or  u  nearly  so  as  pasaible.  Another  way  of  slating  the  same 
prineinle  U  to  say  that  a  tangent,  £  C,  to  the  face  of  the  paddle 
thonta  pan  throngh  the  higltegt  point,  C,  of  the  circle  described  by 
'dle-joomsl  axes.  CAB  beinS  t^e  vertical  diameter  of  that 


I 


It  is  imposnble  to  fulfil  this  condition  exactly  by  means  of  the  com- 
biiatiau  shown  in  thefigure)  butitisfulfilJod  with  an  approximation 
■dBdcot  for  practical  pnriNmeH.so  long  as  the  paddles  are  in  the  water, 
hy  moani  of  the  following  construction: — Let  D  and  E  be  the  two 
poiota  where  the  circle  described  by  the  jtadille-jourDols  cats  the  buT' 
bo*  rftha  water.  From  tbe  uppermoat  [>oint,  C,  of  that  circle  draw 
Vhm  stnigbt  line*  C  £1,  C  D,  to  rejirescnt  tangente  to  tbe  &oe  of  a 
jn^'ftt  ti  ihe  instant  when  its  journals  are  entering  anil  leaving 
Um  wslor.  Draw  also  the  vortical  diameter  0  A  B,  to  represent  & 
tangent  to  the  face  of  a  paildle  at  the  instant  when  it  ia  moat 
jltriilff  iaBMned  Then  draw  the  atom-lever  projectmg  from  the 
Mddb  ia  ita  ^ree  positions.  D  O,  B  F,  E  IL  In  the  fignre,  that 
MTCT  ii  draws  at  right  angles  to  the  face  of  tbe  padtUe',  Wt  ^^ 
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angle  at  which  it  is  placed  is  to  a  certain  extent  arbitnuy,  though 
it  seldom  deviates  much  from  a  right  angle.     The  length  of  the 

stem-lever  is  a  matter  of  convenience :  it  is  osnallj  abont  •=  of  the 

depth  of  the  face  of  a  paddle.  Then,  by  plane  geometiy,  find  the 
centre,  K,  of  the  circle  traversing  the  three  points,  G,  F,  and  H; 
K  will  mark  the  proper  position  for  the  eccentric-axis;  and  a  circle 
described  about  K,  with  the  radius  K  F,  will  traverse  all  the 
positions  of  the  joints  of  the  stem-levera 

From  the  time  of  entering  to  the  time  of  leaving  the  water, 
paddles  fitted  with  this  feathering  gear  move  almost  exactly  as 
required  by  the  theory ;  but  their  motion  when  above  the  sur&oe 
of  the  water  is  very  different,  as  the  figure  indicates. 

To  find  whether,  and  to  what  extent,  it  may  be  necessary  to  notch 
the  edges  of  the  paddles,  in  order  to  prevent  them  from  touching 
the  guide-rods,  produce  A  K  till  it  cuts  the  circle  G  F  H  in  L ; 
from  the  point  L  lay  off  the  length,  L  M,  of  the  stem-lever  to  the 
circle  D  B  E ,  and  draw  a  transverse  section  of  a  paddle  with  the 
axis  of  its  journals  at  M,  its  stem-lever  in  the  position  M  L,  and 
its  guide-rod  in  the  position  L  K.  This  will  show  the  position 
of  the  parts  when  the  guide-rod  approaches  most  closely  to  tho 
paddle. 

Some  engineers  prefer  to  treat  the  paddle-race  as  undeigoing  a 
gradual  acceleration  from  the  point  where  the  paddle  enters  the 
water  to  the  point  of  deepest  immersion.  The  following  is  the  con- 
sequent modification  in  the  process  of  designing  the  gear : — ^Let  the 
final  velocity  of  the  paddle-race  be,  as  before,  equal  to  that  of  the 
point  B  in  the  wheel,  and  let  the  initial  velocity  be  equal  to  that 
of  the  point  6,  at  the  end  of  a  shorter  vertical  radius,  A  &.  Let  D 
be  the  axis  of  a  paddle-journal  in  the  act  of  entering  the  water, 
and  E  the  same  axis  in  the  act  of  leaving  the  water.  Join  i  D 
and  B  E;  draw  the  face  of  the  paddle  at  D  normal  to  D  i,  the 
face  of  the  paddle  at  B  vertical,  as  before,  and  the  fiu»  of  the 
paddle  at  E  normal  to  E  B.  Then  draw  the  stem-lever  in  its  three 
positions,  making  a  convenient  constant  angle  with  the  paddle- 
face  ;  and  find  the  centre  of  a  circle  traversing  the  three  poaitioiit 
of  the  end  of  the  stem-lever;  that  centre  will,  as  before^  maik  the 
proper  position  for  the  eccentric-axis. 

248.   Spherical  BpllrMih«l4al  Pallw~Z-€nudk — ^A  point  rigidly 

attached  to  a  cone  which  rolls  on  another  cone  deecribeB  a  tphmioti 
epUrochoidy  situated  in  a  spherical  sur&ce  whose  centre  is  at  tiie 
common  apex  of  the  two  cones.  This  sort  of  aggregate  molioft  it 
illustrated  by  Mr.  Edmund  Hunt's  Z-crank. 

In  fig.  200,  A  A  is  a  rotating  shaft,  canyinff  at  B^  B^  two  ocaak- 

arms,  which  project  in  opposite  directions,  and  are  oonnec^ed  with 

Ach  other  by  means  of  a  cylindrical  cruik-pin,  B  B.    Hie 


v-mnk-anns,  and  crank-pin,  are  nil  rigidly  fastened  together;  and 
tliej  robit«  as  one  piece  ubont  the  axis  A  A. 

Tbe  cnnk-piii  ia  contained  within  a  hollow  cylindrical  aleere  or 


tnbe.  fitting  it  accurately,  but  not  tightly,  and  free  to  rotate, 
tvUUTelj  to  the  pin,  about  the  axie  B  B,  but  not  to  shift  longi- 
ludinallj'.  From  that  tube,  and  in  a  plane  normal  to  B  B,  and 
UsTcinog  G,  the  intersection  of  B  B  and  A  A,  there  project  any 
raqnind  number  of  am\ii,  such  av  C  D,  C  D.  Those  amis  move  as 
en*  fiieca  wiUi  the  tube;  and  each  of  them,  at  it«  end  D,  is  con- 
naeted,  by  idmjib  of  a  ball-and-socket  joint,  with  a  link,  and  through 
Um!  Bnk  with  a  pi»ton-rod,  which  has  a  reciprocating  sliding  move- 
taeat  pnnllel  to  A  A. 

Tb«  toww  li»rt  of  tlm  figure  Hhows  the  position  of  the  mecfaaniBni 
■ftiT  a  qoartcr  of  it  revolution  has  been  made  from  the  position 
nynaeaiei  in  tlie  upper  port  of  the  figure. 

Tfaa  motion  of  tin.-  nlecve,  with  it^  anna,  is  compounded  of  ft 
rotation  aboat  the  Gxed  axis  A  A,  and  of  a  rotation  with  equal 
speed  in  Uie  contfory  direction  about  the  revolving  axis  B  B. 

Tbcrdbra,  in  the  plane  of  those  axes  at  any  instant  draw  G  E^ 
UMctlnstlieobtDaeengleBCA,  and  OE  will  be  the  ' 
axil  of  uw  deeve  and  arms. 
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Draw  C  F,  making  the  angle  AC  F  r=  A  C  E;  and  C  G,  making 
the  angle  B  C  G  =  B  C  E.  Then  E  0  F  will  be  the  trace  of  a 
fixed  cone,  having  A  C  A  for  its  axis;  and  £  0  G  will  be  the  trace 
of  a  rolling  cone,  having  B  C  B  for  its  axis;  and  the  motion  of  the 
sleeve  with  its  arms  will  be  the  same  as  if  it  were  rigidly  attached 
to  the  rolling  cone. 

Each  of  the  points  marked  D  describes  a  spherical  epitrochoid, 
shaped  like  a  long  and  slender  figure  of  8,  and  situated  in  the  surfaco 
of  a  sphere  of  the  radius  C  D,  whose  trace  in  the  figure  is  marked 
by  a  dotted  circle.  The  trace  of  the  fixed  cone  on  that  sphere  is 
projected  in  the  figure  by  the  straight  line  E  F;  that  of  the  rolling 
cone,  in  the  upper  part  of  the  figure,  by  the  straight  line  E  G,  and 
in  the  lower  part  by  a  dotted  ellipse.  The  centre  of  the  base  of  the 
rolling  cone  is  marked  H  and  h  in  the  two  parts  of  the  figure 
respectively. 

Section  V. — FaraUd  Motions, 

249.  Parallel  m^tioaa  In  Cieaerai* — ^A  parallel  motion  IS  a  com- 
bination of  turning  pieces  in  mechanism,  usually  links  and  leven^ 
designed  to  guide  the  motion  of  a  reciprocating  piece  either  exactly 
or  approximately  in  a  straight  line,  so  as  to  avcna  the  friction  which 
arises  from  the  use  of  straight  guides  for  that  purpose.  Its  most 
common  application  is  to  the  heads  of  piston-rods. 

Some  parallel  motions  are  exact;  that  is,  they  guide  the  piston- 
rod  head  or  other  reciprocating  piece  in  an  exact  straight  line;  bat 
these  parallel  motions  cannot  always  be  conveniently  made  use  o£ 
Other  parallel  motions  are  only  approximate ;  that  is,  the  path  of 
the  piece  which  they  guide  is  near  enough  to  a  straight  line  lor  the 
practical  object  in  view;  and  these  are  the  most  freqimiL  Thcj 
are  usually  designeil  upon  the  principle,  that  the  two  eztreaie 
positions  and  the  middle  position  of  the  guided  point  shall  be 
exactly  in  one  straight  line ;  care  being  taken,  at  the  aanw  time, 
that  Uie  deviations  of  the  intermediate  parts  of  the  patb  of  that 
point  from  that  straight  line  shall  be  as  small  as  poanlua 

There  are  purposes  for  which  no  merely  approximate  pualM 
motion  is  sufficiently  accurate ;  such  as  the  guiding  of  tlie  tool  in 
a  planing  machine,  whoee  motion  ought  to  be  absolutely  stcai^t 

250.  Bxact  Pamiiel  Hacioas. — ^When  a  wheel  rolU  round  wmd^ 
a  ring  of  exactly  twice  its  radius,  any  point  in  tiie  pitdi-eirde  of 
the  wheel  traces  a  straight  line,  being  a  diameter  of  the  pttcb- 
drde  of  the  ring  (Article  245,  |)ago  266).  This  oomhiiiaiioiiy  tben, 
has  sometimea,  thovgh  seldom,  been  used  as  an  exact  parallel  OMilm 
ftr  a  pistm-rod;  the  head  of  the  piston-rod  being  jointed  to  am 
at  the  pitdi-circle  of  the  rolling  wheel,  and  the  cnoik  to  anolMr 

pin  at  the  centre  of  that  wheel 
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f      Fig.  201  rcpresenta  another  exact  pamllet  motion,  first  proposed, 
it  is  beliered,  by  Mr.  Scott  RoRsell. 

The  arm  C  D  turns  on  tlie  axis  0,  anil  is  jointed  at  D  to  tie 
middla  of  the  l»ar  ADD,  whose 
length  is  double  of  tbnt  of  (J  D,  and 
oae  of  whoec!  ends,  B,  is  jointed  to  a 
•lider,  eliding  in  straight  guides 
along  the  line  C  B.  Draw  B  E 
pvrpendicolar  to  C  B,  cotting  C  D 
]iiH)duccd  in  E;  then  E  is  the  ia- 
flUntaneoiis  axis  of  the  bar  A  D  B; 
and  Uie  direction  of  motion  of  A  is 
at  cverj  instant  perpendicular  to  S 
A;  that  is,  A  movos  along  the 
rtnoglit  line  A  C  m.  While  tho 
stroke  of  A  is  A  C  a,  extending  to 
eqiul  liistances  on  either  side  of  C,  and  equal  to  twice  the  cliord  of 
the  are  D  <1,  the  stroke  of  B  is  only  equal  to  twice  the  deflection 
of  that  arc;  and  thus  A  ia  guided  through  a  comparatively  long 
•trolce  by  the  diding  of  B  throniih  a  comparatively  abort  stroke, 
■nd  fcj  rotutoiy  motions  at  the  joiata  C,  D,  B.  Thiii  may  be  colled 
tbc  ffraui^per  pamllel  motion. 

251.    JtpFmlmatc  Gmrtapper  Parmllcl    ITlMlu The  point   B, 

inatfMul  of  sliding  between  straight  guides,  may  be  carried  by  tho 
tad  of  a  lever  which,  in  its  middle  position,  ia  parallel  to  a  C  A, 
•ad  which  is  BO  long  that  the  deviation  of  the  arc  described  by  B 
n  ■  straight  line  is  insensible,     (See  iitsw  page  392.) 


.>J." 


Fit;.  201. 


nl  DcMripiiea. — The  geuenl 
f  VTatt'a  approximate  parallel 


553:    WmUTa  Pusllcl  nMlaii— ««■( 

ooiwtraction  of  tho  ordinary  form  c 

aottoniiabowQinfig.  203.     Ac  is 

<wwm  of  the  walking-beam  of  tho 

eogia^  luniiog  about  an  as  ia  at  tho 

iMim-etnln  e.      A  B  is  the  main- 

iuufc,  ONUMeting  the  end  A  of  the 

bMnwitli  the  piston-rod  BD.  Tt 

ia  lb*  bark-liiJc,  <^iul  and  pondlel 

to  tb»  miun-link;  and  B  T  is  the 

fomBd'har,  eqnni  and  jiaiTillel  to 

ths  f«rt  A  <  of  Uic  walking-Vieam, 

uul  omnpleUng  the  paralldcffrtua 

AfTB.  The  piflton-rod  head,  B,ia 

lo  bv  guided  so  that  it«  highest,  middle,  and  lowest  pontions  shall  be 

n  on*  atraight  line;  and  this  is  effected  by  guiding  in  the  same 

turner  tho  point  P,  where  tho  straight  line  B  e  cuts  the  back-link. 

The  nti'ling  of  the  point  P  is  effected  by  means  of  the  radiut-har,  ox 

bad^  V  T,  wUch  is  a  lever  that  turns  about  aa  axis  tX  0,  ft&l  u  , 


Fig.  !0!. 
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jointed  at  T  to  the  back-link.  Fi-oui  the  point  P  ■  pmnp-md  b 
oStt-n  hunjt-  Some  variatiuus  in  detail  will  be  explMned  foitktr 
on.  The  liuks,  bridle,  and  [isrollel-bar  usuallj  conauA  Mck  «f  ■ 
pair,  of  equal  and  siniilar  pieces,  connected  respectively  vith  lie 
two  ndes  of  the  piston-rod  head. 

Tig,  303  shows  on  a  loiter  scute  the  principle  accor^ng  h 
wbich  the  point  P  is  guided.  Sa  is  the  line  of  stroke  of  tbi 
pcHut;  F),  Fj,  and  Py  its  npper,  middle,  and  lower  [wtitiuaa 
T  P  t  (dmvn  in  three  positions,  numbered  1,  3,  and  3  igqaetirdy) 


i 


FIB.M1 

li  «Im  luik;  CT  and  el,  the  two  leren  whidi  gnide  that  li^ 
nek  abmm  ik  thne  poeitioua  In  deaigning  a  paraUd  mliaB 
lAm  pw>BM*l  ptoUeM  ia  to  adjust  the  relative  poaitiaiM  mad  p» 
rartMM  «r  tt»  krars  aad  linl:,  so  that  the  three  poiola  P.  "  ~ ' 
P,  sImU  Ua  ia  Ike  attaint  line  S  «.  There  an  alao  sal 
|«WithMi,  of  wUA  ihm  first  has  for  its  ol^ect  to  males  lbs  ^na- 
tiow  «r  1km  MOrt  P  frm  the  ateaight  line  of  atroke.  a 
"■  "•  Mtwaai   —    —        •  *• 


•  •mtmanmm  nnvas*  P,.  Py  aod  P^  as  anaB  u  poa^da.     U  «9 
p  A««n  finthw  OB  that  tbooe  deriatioM  aiiae  fitn  tlw  rmfaf 


oUt^wf^oT  tfao  liak  Tllo  ^  Use  of  stroke  S« , 

k^rar  ibottU  be  so  placed  idatiTely  to  the  link  tl»t  the  wwh* 

oUaqwitf  of  the  liak  lUl  U  as  sbmU  as  pwet'hla ;  and  £r  iM 

t<«p«os  the  E&k.  ia  its  pesitkaa  et  graatest  oUtqnity  •»  llw  n|M 

d  kA  vif  the  liM  of  stroke  ra^wotiTel;,  riwatd  iMk*  M^  BMta 

"*— "e  aidsa  of  that  line ;  vfakh  eoadttin  n  to  ha  ft^flW  If 

»  aMdla  poritkB  of  tw*  kver  pvpeaAodkr  •»  Iks 


the  tleflectioDB  T  -V  and  ( j  u  of  the  area  deBcrilied  by  the  points 
T  and  t  respectively.  This  adjustment  is  to  be  made  for  the  beam 
and  link  before  proceeding  to  design  the  parallel  motion  strictly 
6o  called  ;  that  ia,  the  position  and  dimensions  of  the  bridle  rela- 
tively to  the  beam  and  link. 

Another  subordinate  problem  is  to  design  the  parallelognni, 
when  a  second  point,  such  as  B  in  fig.  203,  is  to  be  guided. 

253.    Wau-s  Fanallf  I  IHalloH— Bale,  tmr  OnlsBlng. — I.    Given  (in 

fig-  204)  the  line  of  atroke,  G  D,  of  a  piston-rod,  the  middle  pocdtioa 

of  ita  head,  B,  and  the  centre,  AjOf  a  walking-beam  or  lever,  which, 

in  its  middle  poaitton,  A  Q,  is 

perpendicular  to  G  D  l  to  find 

the  radina  of  the  lever,  so  that 

the  link  connecting  it  with  B 

shall  deviat«  equally  to  the 

two  aides  of  G  D  during  the 

motion  1  also,  the  length  of 

the  auk 

Make  D  E  =     atroke;  join 

A  E;  and  perpendicular  to  it 
dnw  E  F,  cutting  A  D  pro- 
duced in  F;  A  F  will  be  the 
raqiiired  radina  Join  F  B; 
this  will  be  tbe  link. 

IL  Given  the  data  and 
rcsnita  of  Rule  J. ;  also  the 
point,  G,  vhere  the  middle 
jiodtion  of  a  bridle  or  second 
lerpT,  connected  with  the  same 
link,  cuts  G  D  :  to  find  the  s 
l>omtions  of  B  shall  lie  in  thi 
middle  position. 

Through  G  diaw  a  straight  line,  L  G  K,  perpendicular  to  O  D; 
produce  F  B  till  it  cuts  that  line  in  L;  this  jKiint  will  be  one  end 
at  the  required  second  lever  at  mid-stroke,  and  F  L  will  lie  the 
ratin  link.  Then,  in  D  G  lay  ofl"  D  R  =  G  B ;  join  A  H,  and 
pcoduoe  it  till  it  cuts  L  G  K.  in  K;  this  will  be  the  centre  for  the 
■scond  lever. 

III.  Given  (in  fig.  20o)  the  middle  positions,  A  C  and  B  £, 
(pNisUel  to  each  other)  and  the  extreme  |>oiutions,  A  D,  A  D',  B  F, 
B  f,  of  two  levers  centred  at  A  and  B  respectively :  rt'ijiiirod  tho 
radii  of  those  Icvera,  so  that  a  link  connecting  them  shall  deviato 
ia  dirrction  by  equal  angles  alternately  to  the  two  sides  of  a  per- 
{■endirular  to  A  0  and  B  K 

From  B  let  fall  B  O  perpendicular  to  A  0  (produced  if . 


rig.ao4. 

)nd  lever,  so  that  the  two  extreme 
ame  straight  line,  G  B  D,  with  tha 
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Draw  A  Hbiaectdng  the  angle  CAD.   Alao^  li  the  point  O,  lay  off 

the aDgle  AGH  =  xEBF; 

andletGHcatAHinH. 
Draw  H  K  perpendioiilar  to 
H  A,  and  H  L  perpendicular  to 
H  G,  cattiug  A  G  in  K  and  L 
respectiyelT.  In  B  £  laj  off 
^BM»GL.  JoinKBl  Then 
will  A  K  and  B  M  be  the  re- 
qnired  radii  of  the  levers,  and 
K  M  tUe  link  oaoB«*iBg 
them. 

lY.  In  the  link  K  M,  found 
by  the  preceding  mle^  to  find 
the  point  whoee  middle  and  two 
extreme  positiotts  fie  in  one 
straight  line;  also  the  leng^ 
of  stroke  of  that  point. 

Through  H  draw  P  H  N  per- 
pendicular to  A  K  and  B  M. 
The  required  length  of  atroke 
is  4  P  H.  The  required  point 
is  R,  where  P  H  N  eofta  &  If ; 
but  as  the  acotenesi  of  the 
an^  of  intersection  cansea  this 
method  of  finding  R  to  be  want- 
ing in  precifiiony  it  ia  better  to 
proceed  as  £c>llow8 : — Draw  the 
straight  line  A  B,  catting  N  P 
in  Q ;  then  lay  off  P  B  »  N  Q: 
B  will  be  the  required  pcnnt 

v.  Given  (in  fig.  206  or  in  fig. 
206  a)  the  fnom-oeftlf^  A,  iht 
middle  position  of  the  main- 
lever,  A  F,  the  piston-rod  hea4 
B,  and  its  length  of  stroke; 
the  radius,  A  F,  of  the  leTcr, 
and  the  fna{n-4tnky  F  B|  havii^ 
been  found  by  Bule  L  Let  the 
figure  represent  those  pants  at 
mid-stroke;  and  let  it  be  re- 
quired to  construct  a  paraUcI 
motion  consisting  of  a  panillek»- 
gram,  C  £  D F(in  whichCEe 
F  D  iri  called  the  pmn»Ud4ar, 


Fig.  205. 


rig.  20C. 


id  D  B  =  F  0  the  baek-liiJe),  Kod  a  ndiua-lever, 
mi«d  to  the  sngla  £  of  the  pwallelogmn. 


Draw  the  Ktmiglit  line  A  B,  cutting  the  l>ack-link  D  E  in  Q* 
•    1  by  Rale  II.  find  the  _  ' 

r  H  £,  euch  that  the 
:  and  cjctreme  poai- 
s  of  O  shall  Ue  in  one 
aight  line 

]  point  G    ahows 

4ivre  a  pmnprod  may,  if 
>nveDient,  be  jointed  to  ®— 
a  bMk-liuk). 
Fig.  206  B  ropi-esents 
ue  of  the  applicatiou 
i  rule  in  which  the 
inta  B  and  C  coincide 
I  eaoh  other;  and  it 
miaiiva  no  separate  de- 
(criptiou  exc«]it  the  eiib- 
■titQtion  nf  B  for  C  iu  the 

fUale.  This  cod st ruction 
ktli«aan«with  that  which 
p  rDtighJr  represented  in 
fe.202: 

VI.  Ciren  (in  fig.  207) 
the  tuain-ocntre.  A;  also 
tli«  main-lever  or  walking- 
iiraiD,  A  F,  and  main-liuk, 
P  B.  fonnd  by  Rule  1.  Let 
B  be  the  middle  position, 
and  C  and  C  the  two  ex- 
treme iKMiitious,  of  the 
raint  where  the  parallel- 
imt  b  jointed  to  the  main- 
linlt, whether  at  the  piston- 
rod  bead  or  at  sonic  other 

('•int.  L«t  A  C  aod  A  G'  be  the  two  extreme  positions  of  t&ft 
nuiio-lcrcr.  Let  H  bo  a  conreiuent  point  in  the  straight  line,  B  M, 
iiarmUe]  tn  F  A,  chosen  as  the  centre  for  the  bridle;  and  let  H  J 
t»  a  MNivcBtent  length  chosen  for  the  radius  of  that  lev(?r;  J  beine 
tl»e  tuiddl«  position  of  the  point  where  it  is  joint«i  to  the  paraltef 
lor 

Ileqtritnl,  the  points  where  the  back-link  ought  to  be  jointed  to 
tlie  inaindcver,  A  F,  and  the  bridle,  H  J,  reqxwtivi'lv. 

Abunt  H,  with  the  radiitn  H  J,  describe  a  cirviilnr  arc ;  then  take 
tha  If^Dgth,  B  J,  of  the  parallel-bar  io  the  compaucs,  and\B.7QS^i^  J 
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same  length  from  C  aud  C  respectively  to  K  and  K'  in  that  arc : 
C  K  and  G*  K'  will  be  the  extreme  positions  of  the  naxallel-bar. 


Join  H  K,  H  K' :  these  will  be  the  extreme  positions  of  the  bridle. 
Then,  by  Rule  III,  find  the  ends,  M  and  N,  of  the  back-link,  M  K, 
which  is  to  connect  the  bridle  with  the  main-lever. 

The  two  extreme  positions  of  the  back-link  are  marked  P  Q, 
P  Q'. 

Tf  it  be  desired  to  joint  a  pump-rod  to  the  back-link,  the  proper 

il  for  that  purpose  may  be  found  by  Rule  lY. 


E^^^I-^3 

1                                                   PARALLEL  MOTIONS. 

ing  mle  Berves  to  determine 
the    extent    of    the    greatest 
deviation  of  the  guided  point                             , 
in  Watt's  parallel  motion  from                            _,- 1 
an  exactly  straight  path.     In                          /    ; 
%  208,  let  D  G  be  the  line  of                        /     i 
stroke ;  A  F  and  K  L,  the  two                       / 
ievera;  F  L,  the  link;  and  B,                          / 
the  miided  point:  the  movinE                   t  ; 

281 
--.—The  follow. 

■■■' 

pftKs   being  in   their  middle                       \     "^; 

rcaptctively,  draw  the  circulnr                       \\ 
lire*  F/and  L  /,  being  the                         ■'•\    j 
paths  of  the  [mints  F  and  I,,                          \  '■ 
vntting  the  line  of  stroke  in/                            \\ 
nnd  I.     Take  tlie  length  F  L                              V 
..f  the  link  io  the  compasses;                      X    M 
lay  it  of  from   ono  of  those                          "■^.,; 
urea  to  the  other,  liy  trial,  or                             f^ 
by  the  eye,  so  oa  to  be  parallel                          -;/' 
to  D  G;  and  mark  its  enda,/                    .y^ 
and  /.                                                        J^ 

Draw  the  straight  lioe/  t,           / 
cutting  K  L  in  G-;  thia  will  be    ^/ 

"'■-., 

tbepositionofthelinkwhenitfi   ^                       u 

deviation  towards  K  is  greatest; 

and  G  G'  wiU  be  that  deviation. 

The  greatest  deviation  towards 

A  will  he  of  equal  extent,  and 

will  take  place  when  the  levers 

[gah-  nearly  equal  angles  with 

Bilir  middle  position  in  the 

KiniT  direoUon.'                                      Fig. 

08. 

t  tha  roaU  A  F  and 
B,  A  D  and  K  G,  of 
UncB  D  G  by  e;  the 
onUG'byi    Alao 

K  L  bo  dcaoted  roroeotivBly  by  a  and  £ ;  ths  dintanc 
the  «titras  Iron,  theline  of  >troke,  by  5  ao.!  i' ;  the  dif 
laiijth  of  the  link  F  L  by  /;  aud  the  greatert  deviati 
■Mkc 
■                                    D/=.v'<?^^' =./;  and 

^■I^H                       ({=1,— r,  vcryneaily 

ai^  -.he  k^tL  of  tlw  link,  istaiilf 

^  tW  faca^£  pov«r  oi  tbe  stroke ;  and  vfam  tke  nwiihr  itmto  ■ 
•r.  ^  ^  1^  akMt  «q«l  m  kmgtii  U»  Um  Ivmnt  th^  faMte 
ii  dMiik  lAiA  hoc^r  to  iMk*  tke  dmaSioa  vuifaU  n  At 
fifMV  *■  ^HOMM  vkieli  trad  to  iaemM  it  mn  bmA  <B- 
a^Miei  k^«ad  Asm  wluc^  an  ftdnaiUi 


I 


-V'!'"*si(f+s)'| 
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S62.    TrMctaf  ApFHsliHi"  CIrcBlBT  Ansa  br  (he  Pnnlliil  Klatlan. 

— An  interaediBte  jmint  in  the  link  of  a  parallul  inotioD,  uot 
coincidiiig  irith  tbe  point  whose  path  approximates  to  a  atmight 
line,  tnoves  nearly  in  «ii  arc  of  a  circle;  and  tliiii  fact  may  be  made 
^Mcfdl  io  tbe  approximate  tracing  of  arcs  of  loiig  nultaa.  The 
aplMxnimation  is  not  sufficient  fur  purposes  wkicli  require  tlie 
utmost  prt-cieioT),  such  as  cutting  the  slots  in  carved  linka  forsHde- 

ralve  gear;  but  where  lees  precisioa  is  necessary,  as  in  abaping 

t«rTeI   staves,  it  might  prove  useful.      The  following  are  rolw 

rrlating  to  this  process : — 

1.  To  find  the  radius  of  a  circular  arc  traveif  ing  the  extreme  and 

tniddle  positions  of  a  given  point  in  the  iiuk  of  a  parallel  motion. 

In  fig.  309.  let  A  F  and  ]C  L  be  the  levers,  in  their  middle  position ; 

F  L,  the  link;  B,  the  point  which  ix  guided  nearly  iu  a  straight 

7. 


FlftJW. 

e  D  G,  tta  Uae  of  stroke;  /  snothn-  point  in  the  Ituk.  F«^ 
*talv  Is  G  D.  imwfd  a,  cutting  it  in  A     In  D  O  prodooed, 

ffO  A  =  B  rf;  join  A  E,  and  produce  it  till  it  eraXm/d  a  in  a; 

"*"'  "•<wil«rf  UiecircuUrarc  tntverstni;  tbe  middle  and 
iH«cf  the  point/;  and  a/will  he  the  mdhu  cf  that 

B  ■  fuslkl  motion  which  sliall  guide  a  point  ap- 
iMcnpm* circular  arc  B  DC,  fig.  2I0,of  whick  D 
b  fnt  ad  A  tbe  centre. 

»  anil^  AoH  B  C.  enttin^;  A  I>  in  K;  bwct  Um 
k  H  E  M  F;  lltnMi-h  F  dtaw  P  G  pMslUl  to  U  C  faad 
~~        ftevkrCAAD).     CluMMe  any  coaTeni*^t  paaitiMi, 
*  ^  ■Mtin  Vf  on*  of  lbs  lews*,  ud  dmw  I  O  J 
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parallel  toDA.     LayoffGH  =  ^EB=2^^5  i^^  ^  ^*  ^^ 

perpendicular  to  this  line  draw  H  K,  catting  I  G  prodnoed  in  K; 
I  K  will  be  one  of  the  levers.  Join  K  D ;  iSna  will  be  part  of  the 
link;  and  M,  where  K  D  cuts  F  G,  will  be  the  point  in  the  link 
which  moves  nearly  in  a  straight  line;  but  that  point  is  found  with 
more  precision  as  follows : — Join  I  A,  cutting  G  D  in  L,  and  lay 
off  F  M  =  G  L.    Produce  K  M  D;  and  make  M  N  =  M  K;  then 


Fig.  210. 

draw  N  P  parallel  and  equal  to  I  K ;  K  N  will  be  the  t't^V-^  and 
N  P  the  other  lever,  centred  at  P. 

III.  To  find  approximately  the  greatest  deviation  <^  the  point 
which  is  guided  nearly  in  a  circular  arc.  Find  by  the  mle  of  IIm 
preceding  Article  the  greatest  deviation  of  the  point  whioli 
nearly  in  a  straight  Una     The  greatest  deviation  of  aoy 
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point  ill  the  link,  from  ita  approximate  circular  path,  is  pro[>ortional 
Tery  nearly  to  the  product  of  the  lengtha  of  the  aegmenta  into  which 
it  divides  thu  link.     For  example,  in  fig.  209  wo  have 

greatest  deviiition  of/  _    L/  -/F 
gi-eat«sl  deviation  of  B  ~  LB  ■  BP''"^'^?! 

■       ,  .    „     „, ,    ereatest  deviation  of  D      K  D  ■  D  N 
laod  in  fig.  210,*^ 


'  grefttest  deviation  of  M       KM' 


j,  nearly. 


might  also  be  called  the 
considered  to  be  a  con- 
ases  of  thid  combination 
afig.  21I;amorccom. 


I    S56.    BabcM^  Parallel  OIOlfaB. Thia   t 

f  parallel  motion,  from  its  shape. 
Blent  form  for  horizontal  engines.  ' 
B  abown  in  the  figures',  a  simpler  < 
Q  fig.  212. 
[  L  In  Fig.  211,  let  D  E  be  the  straight  lino  of  stroke  which  the 
1  point  is  to  follow  approximately,  and  A  the  middle  of 
t  line.  Draw  two  i 
■iangles, 
>B  A,  ACE,  with 
Jlegs,  DB-AB 
?  A  C  =  C  E.  The 
h  of  each  of  these 
■bonld  not  be  less 
bDAxO'843;  but 
I  may  be  aa  much 
~  EMer  u  the  avail- 
le  ^Mroe  will  permit ; 
d  the  greater  it  ia 
tiBom  accatate  will 
I  tke  awtioD.  Join 
R(^  wliich  of  coarse 
Bb  D  a  =  a  E.  Then  ABC  represents  a  rigid  triangular  frame, 
F«bidh  the  apex  A  ia  the  guided  point;  while  the  angles  of  the 
I,  B  and  C,  are  jointed  to  two  levers  or  bridles,  B  D,  C  E, 
b  tarn  about  axes  at  D  and  E  respectively.  The  two  extreme 
*  of  the  triangle  A  B  C  are  marked  respectively  D  B  0'  and 
FC,  tlie  points  B'  and  C  coinciding. 

""  «aaon  for  prescribing  that  the  length  of  each  leg  of  the 
I  uliall  not  be  le»  than  the  base  x  0-843  is,  that  this  pro- 
B  between  these  lengths  makes  the  points  B',  C,  and  E  He  in 
k  itiBiglit  line,  and  the  points  C~,  B',  and  D  in  another  straight 
It  Jm  tlw  two  extreme  pontions  of  the  combination  respectively. 
~'.  The  second  arrangement,  fig.  212,  is  to  be  used  in  those 
ens  in  whidi  it  may  be  inconrenient  to  have  the  axes  of  motion 
Is  awl  E  of  tbe  bndte-levers  traversiiig  the  line  of  stroke.  Let 
A'  A  A*  b*  tlM  line  of  Btroke,  and  A  its  middle  point.    Draw  an 


Fij.  SlI. 
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isosceles  triangle,  A  B  C,  of  a  conveDient  taze  and  figaie,  with  its 
apexy  A,  at  the  middle  point  of  the  stroke,  and  its  base,  B  C,  pazalld 
to  the  line  of  stroka  Draw  the  same  triuigle  in  its  two  extreme 
positions,  A'  B'  C  and  A"  B"  C\  leaning  over  equally  in  opposite 


Fig.  212. 

directions;  the  sides  A'B'  and  A'CT  may  conveniently  be  made 
vertical ;  but  this  is  not  essential.  Find,  by  plane  geometry,  the 
centre  D  of  a  circular  arc  traversing  the  three  points  R,  B,  K* ;  aUo 
the  centre  E  of  a  circular  arc  traversing  the  three  points  C',  C,  C*. 
D  B  and  E  C  will  be  the  two  bridle-levers,  and  D  and  £  the 
of  their  axes  of  motion. 


Addendum  to  Article  142,  Page  141. 


TBtermittent  Gearing — Connier* Wheels — Geaerm  Btmif* — ^In  the  inter- 
mittent toothed  wbeelwork  described  at  pages  139  to  141,  the  wfaeds  and  their 
teeth  are  so  designed  that,  during  the  transmission  of  motioD,  the  velocitj- 
ratio  has  a  constant  value.  In  some  cases,  however,  it  is  not  neoMnry  that 
the  velocity-ratio  should  be  constant,  pioyided  only  that  the  followvr  per- 
lorms  a  certain  part  of  a  revcdution  for  each  revolution  of  the  d^ver»  as  in 
mechanism  for  counting  revoltUiona.  The  simplest  mechanion  of  that  aori 
consists  of  a  toothed  wheel  of  the  ratchet  fonn  (Article  19^jpage  907,  %. 
145),  driven  by  a  wiper  or  single  tooth  (Article  164,  pase  I75|»  which  pR>- 
jects  from  a  rotating  cylinder,  and  has  its  length  adjosked  so  that  tha  tie  «f 
contact  is  equal  to  tne  pitch  of  the  ratchet  wheeL  This  raqnires  bo  bmsI 
explanation.  But  there  are  cases  in  which  the  abruptness  of  tha  actual  of 
the  wiper  would  be  disadvantageous,  and  in  which  it  is  desirable^  in  order 
to  prevent  shocks,  that  the  follower  should  be  set  in  motioa  and  stopped  hy 
iasensible  de^es. 

The  Ibllowmg  is  the  most  precise  method  of  designing  a  pair  of  idMob 
tuminff  about  parallel  axes,  m  which  the  follower  is  to  const  tha  vsvola- 
tions  of  the  driver  by  turning  through  a  certain  aJiquot  part  of  a  •  — 
for  each  revolution  (tf  the  driver ;  the  action  being  absolntd^y  "  ~ 
and  capablo  of  taking  plaoe  in  ei^er  dfreetion. 

^iig.MOA,lelABbetkeliHiofonir«i^AihetraaBof  ti» „ 

i^aodBihatoftUiDUomr.    In  tiia  anaajte  shown  ia  ti»  %m^  ti» 


xyrEttmrrKST  qeabixq — comrrBK-wHEELB.  M7 

EaQoirer  ■■  to  tnabe  oiit-fflh  at  s  revolntion  for  each  reTolntion  of  the  ddvcrt 
tmt  tbeume  rnlea  are  applicable  to  any  given  munberofklioaot  parts. 

Draw  rtnu'ght  lines  radiiting  from  B  (marked  by  dota  in  the  fignro),  ao  aa 
to  divide  the  an^Ur  ipace  round  B  into  twice  tbe  given  nomber  of  eqnal 


paita;  1^  liiM  of  oaotm,  B  A,  being  oae  of  the«e  radiating  Hoes. 

m  A  let  bn  perpendiciilan  A  C  and  A  D  on  the  two  radiating  linca 

BaaMMHtto  ttalnai^  eaottea,  and  eomplete  (lis  iwolar  pc^yD ' 

BMtfe>MriN,ndACMdADuetwo<tftha)uliF«dHL    (£ 
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figure  this  is  a  regular  pentagon.)  On  the  line  of  centres  lay  off  A  E  s  A  C 
=  A  D;  and  about  B,  with  the  ladius  B  £,  describe  a  circle ;  this  circle  will 
cut  the  alternate  radiating  lines  in  a  set  of  points,  such  as  F,  which  will  be 
the  centres  of  the  semicircular  bottoms  of  a  set  of  notches  that  will  gear  in 
succession  with  a  pin  carried  by  the  driver.  Having  assumed  a  convenient 
radius  for  that  pin,  draw  a  circle  to  represent  it  about  the  pmnt  C  as  a 
centre.  The  pin  will  be  carried  by  a  plate  or  arm  nrqiecting  mm.  the  axis 
A,  ill  a  different  plane  from  that  of  the  driven  wheeL  For  the  bc^tom  of  the 
notch  C  F  draw  about  F,  as  a  centre,  a  semicircle  of  a  radios  equal  to  that 
of  the  pin  C,  increased  by  an  allowance  sufficient  for  clearance;  and  for  the 
two  sides  of  that  notch  draw  two  straight  lines  touching  thiit  semidrde, 
and  pantllel  and  equal  to  F  C.  Draw  tSl  the  other  notches  of  the  driven 
wheel  of  the  same  ngure  and  dimensions. 

In  the  intervals  between  the  notches  the  rim  of  the  driven  wheel  is  to 
consist  of  a  series  of  equal  hollow  circular  arcs,  described  respectively  about 
the  angles  of  the  polygon  with  a  radius  such  as  to  leave  a  thiclmess  d 
materiiu  sufficient  for  strength  and  durability  at  each  side  of  each  of  the 
notches ;  for  example,  the  arc  G  H  K  is  described  about  the  centre  A,  to  as 
to  leave  a  sufficient  thickness  of  material  at  G  and  K. 

The  periphery  of  the  driver  is  to  consist  of  a  cylindrical  snxfooe 

round  the  dead  arc,  H  K  M,  and  fitting  smoothly,  but  not  tightly,  into 
of  the  hollows,  such  as  G  H  E,  in  the  rim  of  the  follower;  Sad  of  a  hoDow; 
H  L  M,  of  a  depth  and  figure  such  as  to  dear  the  horns,  subh  as  O  and  K, 
of  the  notches  in  the  follower.  The  an^lar  extent  of  that  hollow,  HAM, 
is  to  be  equal  to  the  angle  CAD,  that  is,  to  the  supplement  of  C  B  D;  and 
is  to  lie  so  that  the  radius  A  C  shall  bisect  it 

l^e  effect  of  this  construction  is  as  follows : — ^While  the  nin  moves  thraosh 
the  arc  C  E  D,  the  follower  is  driven  through  the  angle  U  B  D ;  md  as  tSe 
pitch-point  evidently  moves  from  A  to  £«,  and  then  back  to  A  a^am,  tiM 
angular  vdocity  of  the  follower  gradually  increases  from  nothing  to  a 
maximum,  and  then  gradually  diminishes  to  nothing  again.  At  tiie  poiaA  D 
the  pin  leaves  the  notch,  and  while  it  moves  through  the  are  D  I G^  the 
follower  remains  at  rest^  and  is  kept  steadyby  the  dc«d  arc,  M  K  H,  fittis^ 
into  one  of  the  hollows  in  its  periphery.  When  the  pin  arrives  again  at^ 
it  enters  and  drives  a  second  notch,  and  so  on.  The  combinatioii  evideatly 
works  with  rotation  in  either  direction. 

The  Geneva  Stop  is  the  name  given  to  the  form  of  this  combinatiaa  that  ii 
employed  when  the  object  is  that  the  follower  shall  stop  the  driver  after  it 
has  turned  through  a  certain  number  of  revolutions  and  fractions  of  a  revo- 
lution. For  that  jmrpose  one  of  the  notches  is  to  be  fiUed  up,  as  shown  hf 
the  dotted  semicircle  at  N,  so  as  to  leave  only  a  recess  fitting  the  pin  in  the 
position  C  or  D.  The  extent  of  rotation  to  which  the  driver  wiU  than  be 
limited  is  expressed  by  as  many  revolutions  as  there  are  intervals  in  the 
circumference  of  the  follower,  less  the  angle  CAD;  and  as  the  angle  CAD 
is  the  supplement  of  C  B  D,  this  is  expressed  in  algebraical  symbols  as 
follows :  Let  n  be  the  number  of  intervals  in  the  drcumference  of  the 
follower;  then  the  driver  is  limited  to  the  following  number  of  turns:— 

1  1 

n  -  -  +  -. 

2  n 

For  example,  in  the  figure,  we  have  n  =  6 ;  therefore,  if  one  of  the 
is  stopx>od,  the  rotation  of  the  drive  r  will  be  limited  to 

5  —  jr  +  K  =  47  turns. 
2       5 

This  contrivance  is  used  in  watches,  to  prevent  thdr  being  o 

Very  often  a  hammer-headed  tooth  is  used  instead  d  the  cyUndrieal  in  GL 


lENLVA  STOP — RACKS  IM  HCBEW  aEABIHO. 


AoDEKDirji  TO  Aeticle  154,  Pace  101. 
_  ■  !■  ttcreiT  OcuHnsr— Wlieu  a  Btraifht  rack  cean  with  a  icrew, 
||  pitch-mrfocc  of  the  rack  is  a  plane,  tonchiiig  the  pitch -cylinder  of  the 
~m.  The  traces  of  the  teotli  of  the  rack  on~ila  pitch-plane  are  parallel 
jght  liuea,  and  are  the  development  on  that  plane  of  the  traces  of  the 
1«  of  the  (Crew  upon  its  pitch-cylinder.  The  principal  rule  to  be  nsed 
ig  a  rack  and  screw  is  a  modiflcatioD  of  Rule  IL  of  Article  154, 


In  Bg.  110  A.  let  the  plane  of  projection  bo  the  pitch-plane  of  the  rack; 
and  let  A  1  F  be  the  projection  of  the  una 
of  the  acreir :  being  auo  the  straight  line  in 
which  the  pitch-auriacea  touch  each  other. 
Ift  I  e  represent  the  direction  in  which 
tha  nek  ia  to  alide  -,  and  ict  the  lenji^h  I  e 
wprwni  (Ae  lur/aa-ixIocU!/  of  the  raek. 
Baring  alaained  a  pro]icr  transverse  ob- 
liqni^  lot  the  teeth  of  the  rack,  draw  the 
MntgBl  line  c  P,  to  represent  the  trace  of 
ktMCh.* 

Dnw  I  C  perpendicular  to  I  A,  cutting 
P  e  IB  C  ;  then  I C  will  represent  the  tur/ace- 
TtlciiUp  of  At  tcrae;  and  c  C  will  represent 
tit  tmitotti  of  brantBerte  lOding  of  the  threads 
<f  Ibe  aenw  on  the  teeth  of  the  rack.  On 
0  e  P  l«t  &U  the  perpendicniar  I  N  \  this 
«3I  npnaant  tht  omtmoH  compmiait  of  the  ^' 
I  Tdocitiea,  Also,  the  propoi ' 
'le  divided  pi 


li  ether  by  the  di 


d  pitches 


1  longitndinal  pitch  of  rack 
:  divided  nonMl  pitch  of  rack  and  screw 
:  ;  I  C  ;  circular  pitch  of  screw 
:  :  I  P  :  divided  axial  pitch  of  screw. 
Bbtibe  Mamiicd  a  convenient  absolute  value  for  the  loogitadinal  pitch  of 
fb  nek,  lisd,  by  the  help 
af  Uw  diagrsm,  the  drcalar 
r;ninttip]y 
■T pitch  by  a  con- 
mber  of  tlueads, 
far  tiw  mrwuntomice  of  the 


IT  t-aloiialimi 


Pig.  1 10  B  ii  a  projection 
tt  •  ndE,  C  C,  and  screw. 
A  A*,  riwrnng  the  traces  of 
tha  UtA  and  threada  cm 


Daring  tba  action  of  a 
laatb  aad  »  tbrcad,  the 

w  IMMT  oHiViUT  tar  Uis  rask-leBtt  ctapradi 
MasrMa<*tentl"il'<B^t>«"t»' — 


sao 
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pitch-point  travels  along  the  whole  length  of  the  line  of  oontaci  of  the 
pitch-snr&ces,  whose  projection  is  A  A'.  In  the  fignre  the  bieadths  of  those 
surfaces  are  such,  that  at  any  given  instant  there  are  at  least  three  pitch- 
]X)int8. 

The  teeth  and  threads  are  to  be  designed  by  drawing  their  normal  wecUoiu, 
as  described  in  Article  155,  pa^  163.  The  normal  section  of  a  tooth  of  the 
nick  will  be  that  adapted  to  its  nonnal  pitck.  The  Boraal  Mctian  of  a 
thread  of  the  screw  is  to  be  found  by  the  help  of  the  nsmlating  dnde  of  the 
nonnal  hdix,  as  found  by  Role  IlL  of  Artids  154,  page  161,  whi<^  is  re- 
peated here  for  convenience.  On  I  C  in  fiz.  110  ▲  lay  off  I B  eqnal  to  the 
radius  of  the  pitch-cylinder;  then,  perpencucnlar  to  I C,  draw  B  D,  ctMuut 
I  N  in  D;  then,  perpendicidar  to  I  N,  draw  D  B^  cutting  I C in  B;  I  £ 
will  be  the  radius  of  cnrvatnre  of  the  nonnal  heliz. 

A  screw  and  rack  are  used  in  one  form  of  SeUers's  planing  ™«^^""f 


Addendum  to  Article  243,  Page  265,  asd 

Pags  267. 

Bpltrocliotdal  Pailis. — In  tracing  epitrochoidal  paths  (mdndfaiff  iJTipiw) 
it  is  obviously  not  essential  that  ths^  should  actually  be  two  irhriSs  kavinc 
the  fixed  and  rolling  circles  respectiveljr  for  their  pitch-drdei^  piofidra 
only  that  the  wheel  which  carries  the  tracing-point  is  carried  by  a  tnia-ani 
ana  driven  by  an  epicyclic  train,  so  as  to  have  the  same  motion  with  tte 

imaginary  roOii^  cundsi     As 


\ 


\ 


« I 


/I 


to  the  princi]^  iHki(^  Rgoliite 
the  motion  «f  the  loOi^g  cads, 
■ee  Articles  76,  77,  pttSiSlto 
56.  As  to  the  adm  of  ihs 
epicyclic  train,  m 
l)age3  24.%   244. 

work  of  the  epicydie     ^ 

be  varied  in  aetiifl  acoordiwts 
convenience,  so  long  as  it  gives 
the  required  velocity-Tatia 
To  exempii^r  thi^  let  it  be 
p  required  to  design  an  indra- 
ment  fbr  tiadng  ellipaes  by 
rolling  motkm;  aad  a  Ik. 
196a,  let  a  bt  the  OMkn  ef 
the  fixed  eirde  J3^  aad  B  Iks 
centre  of  the  nUitig  mnikB  C, 
^vllose  diameter,  A I  !■■  almi? 
stated  in  Artide  MSL  m  ths 
radius  of  the  fixed  ctTCHk    He 
simplest  gaaiing  ohvkml^es»> 
sists  of  an  Hitemally  toetiwd 
fixed  ring  whose 
D,   and 


Fig.  198a. 

pitch-eirds  is  C ; 

bination  ma^r  be  inconvenient  in  practice,  and  it  may  be  rlMJialils  ta  m»  an 
epicyclic  train  in  outside  gearing.    The  train-arm  will  of  €Oima  ba  isfss 
■ented  by  A  B;  and  the  absolute  angular  velocity  of  the  whad  osstnA  SB  iB^ 
which  is  to  carry  the  tracing-arm,  must  be  made  eqnd  and 

(ss  la  stanoflt  alwmys  the  esse  In  pnctlce),  the  angle  I  e  P  akoeld  tea 
ortheaBfleof  repoaeof  the  tMtti,— aajaboiii8t*,if  Am 
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of  Uie  trun-nnn.  To  eftect  tbia,  let  d  be  a  tiled  Epur-wbed  centred  on  A ; 
lot  c  be  a  apur-wbeel  centred  on  B.  and  of  half  the  ndioa  of  the  liied  wheel; 
and  let  t  be  ui  idle  vhe«l  of  any  convenient  ndim.  gtarixf;  unth  butk  the 
lAeek  before  meotioDed.  Then,  if  a  be  taken  todoiote  the  aigalu'Telacitjr 
■rfthe  tnun-ann,  tbe  angular  velocity  of  the  filed  vhecl  d  rclJUively  to  the 
'~  D  irill  be  =  —  a :  and  the  aognlar  velocity  of  the  wheel  t,  and  of  the 
1  wbicb  it  cairica,  rolatively  to  the  tiain-am  will  hie  =:  —2a; 
B  the  aboolBt*  angolar  velocity  of  the  tracing-ann  will  be  a  —  S  a 
■  —  « :  that  ia  to  aay,  equal  and  contraiy  to  that  of  the  tmin-arm,  as 

lljuuHiuled  in  the  Ggore,  this  instrument  is  capable  of  tracing  variooa 

which  either  the  half-aum  or  the  half-dinerance  of  the  aeutiaie* 

.  and  it  ia  eaay  to  see  that  by  jointing  the  train-ana  at  S,  the 

of  the  idle  wbeel,  and  providing  l^e  means  of  fixing  its  two  divisiona, 

.Z  mbA  E  B,  so  aa  to  make  rtiircrcnt  angles  n-ith  each  other,  the  distance 

S  ^7  In  vaiied  within  certaiu  iunita. 

Addenmix  to  Article  244,  Paqe  265. 

Aa^vpH  Paih*  liBccd  br  CBBs-IIIallaHi. — An  endless  rariety  of 
■nxcfcata  paths  may  be  traced  by  means  of  cumhinaldDDa  in  which  nming 
•Son  is  comUned  with  the  actioo  of  a  cam. 

Somoae  two  axea,  not  intersecting,  to  be  connected  by  means  of  a  pair, 
«r  «I  a  tiain,  of  soitabla  wheels,  so  as  to  have  any  required  vdodty-ratio; 
Vi^Md  Mmppoae  that  along  with  one  aiis  there  rotates  a  disc  on  which  an 
^^■■vragpita  jath  is  to  be  traced ;  and  that  along  with  the  other  axis  then 
^^BStea  a  cam  of  any  required  figure,  which  cam,  tni  acting  on  a  sliding  bar, 
^H^^Mea  the  tracing  inint  to  move  along  the  line  of  ccntr^  or  common  pn- 
B^  W"l'i  iiliii  of  the  axes,  towards  and  from  the  axis  that  carries  the  disc, 
Kding  to  a  law  determined  by  the  figure  of  the  cam  ;  then  the  tracing- 
it  win  trace  on  the  disc  a  carve  whose  figure  will  depend  on  that  of  the 
c*M,  and  on  the  velocity -ratio  of  the  cam  and  disc. 

(As  to  the  action  of  cams,  see  Article  161,  pa^  170  to  1T3.) 
CdanbiaatioDS  of  this  sort  are  osed  in  lathes  for  omameutal  taming.    The 
g-pmnt  ia  the  point  of  a  saitabie  cntting  tool;  and  the  cam  whieh 
'~i  ha  motion  is  commonly  called  the  mp</-p!ale,  or  ihaper-plate.     (See 
Et  On  Taming,  1868,  Part  tlL)* 

9  iJastnkaa]  ■jBluls  Uw  acOon  gl  this  matdnOui,  1st  lb*  peUr  niBisllw 

r^rm ai 

Ml  at  Uu  cnrvB  truMd  br  itid  pglsl  cm  Uie  diH  be 

"^tm: <f-i 

lo  tonw  br  Uw  sogilar  veloolty  oT  lbs  cam  to  that  ot  Ihs  disc.    Thea  tta 
^Ulaot  I  and  1  an  coDucisd  wtih  tach  oltiac  br  >1»  foUowlac  pslr  Ol 

r+r-  =  =  -«j («.) 

*  =  ar. (4.) 

na(ths(»in)»|lTai— thslls.lf  theranotlaii/lneqasliaiills  gins— dis 

It  lawiiiilmil  lij  His  riilliislim  imimliiii  i 

r  =  a-*-/C«»)! (« 

IS  Ii  ttTCD—ibal  Is,  U  ihB  hawtlon  f  In  sqnsnos  1 
'  "ij  iha  foUoirinc  eqmUaot— 

'— — © 
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Addendum  to  Article  251,  Page  275. 

Aipprextniate  GnuMhoppcr  Parallel  nfatimi. — ^Another  form  of  approxi* 
mate  parallel  motion  of  the  ffrasahopper  kind  ia  designed  as  shown  m  fig. 

201  A.    Let  A,  A',  A' be  the 

"°L_ extreme  and  middle  positions 

I - ■' — ^■•f  of  the  ^ided  point,  lying  in 

one  straight  line.  Dniw  the 
straight  tine  A'  B  K  perpen- 
dicomr  to  A  A'  A";  and  lay 
off  the  intended  length  of  the 
ffoiding-bar,  A  B  =  A'  K  = 
A' B,  BO  as  to  find  the  extreme 
positions,  B  and  K,  of  iti 
farther  end.  This  end  may 
be  guided  either  by  stndght 
goides,  or  by  a  lever  cenind 
at  a  pointy  G,  eqnidistaDft  from 
B  and  K;  that  lever  beipg  so 
long  as  to  make  the  point  B 
describe  a  very  flat  dzoalar 
arc,  deviating  veiy  little  from 
a  straight  line. 

Choose  a  convenient  point,  D,  for  the  attachment  of  the  bridle  to  the  bsr 
AB,  and  lav  off  A"  D"  =  A'  ly  a  A  D,  BO  as  to  find  the  extreme  and  middk 
positions  of  that  point.  Then,  by  plane  geometry,  find  the  centre  £  of  s 
circular  arc  traversing  the  points  D,  IX,  D" ;  E  will  be  the  trace  of  the  ~~ 
of  motion  of  the  brime  E  D.  The  error  of  this  parallel  motion  is  the 
the  nearer  D  is  to  the  middle  of  A  B. 


Fig.  201  A. 


Addendum  to  Article  143,  Page  143. 

lavoluie  Teeth  for  ElUpilc  Wheel*  are  desijped  by  drawing  an  clfipse 
oonfocal  with  the  elliptic  pitch-line,  and  having  its  migor  axis  —^^^l**'  in  » 
fixed  proportion,  and  then  drawing,  for  the  traces  of  the  fix>nt8  and  bads  of 
the  teeth,  involutes  of  the  smaller  eUipse.  The  proportion  in  whidi  thii 
eUipse  is  smaller  than  the  pitch-eltipse  should  be  such,  that  every  iangmii 
to  the  smaller  elUpse  shall  cut  the  fironts  of  two  teeth  at  least  between  ihst 
eUipse  and  the  pitch-line.  The  pair  of  smaller  eUipass  in  a  pair  of  eD^lie- 
toothed  wheels  are  analo^ns  in  tneir  motion  to  a  pair  of  elliptic  pvDsyt;  si 
to  which,  see  Article  17£  page  189. 


CHAPTER  TL 
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257.    A^iaHBiewa    DttmrA    aad     ClaaMA— The     WOrd     "Kdjost- 

tneuta"  was  introduced  by  Professor  Willis,  in  cprdcr  to  compre- 
head  under  one  general  term  all  coatrivancea  for  varying  at  will 
the  comparative  motions  in  a  machine.  Every  adjaatmeat  ma; 
be  regarded  as  an  aggr^ate  combioatioD  in  which  the  action  is 
temporary  or  intermittent;  and  the  Tarious  kinds  of  adjustments 
Bugtit  have  been  classed  under  the  bead  of  "Aggregate  Combina- 
tjona,"  in  the  preceding  chapter;  hat  it  is  more  convenient  to  treat 
of  them  l>y  theniselTcs.  Tarious  contrivances  whicli  belong  to  the 
dase  of  adjustments  have  already  been  described  under  the  head  of 
**  dcmentary  Conbioatious,"  as  well  as  of  aggr^ate  combinations : 
these  will  be  specified  in  their  order  further  on.  Other  contriv- 
ances belonging  to  the  class  of  adjustments  involve  the  application 
of  the  principles  of  dynamics  and  of  the  atreiigth  of  miiierials,  to 
■nch  an  extent  thnt  their  decKnription,  at  all  events  in  det&il,  mnat 
be  reserved  for  later  diviaions  of  this  book. 

When   adjustments  are  classed  according  to  the  purposes  to 
which  they  are  applied,  they  may  be  arranged  us  foUows : — 

»Traversing-Gear  and  Feed*Motions ; 
Engaging,  SisengHging,  and  Reversing-Oear; 
Gear  for  varying  Speed  or  Sti-oke. 

SS8.  TnrentBg-Crar  ■a4  F«d>in«UHi  ■■  Uacrsl.— By  IraWl*- 

atg-prar  is  meant  the  mechaniBm  by  means  of  which  a  machine, 
consiating  of  framework  and  moving  pieces,  is  shifted  from  place 
to  place  without  being  thrown  out  of  conncetion  with  the  driver 
from  which  it  receives  its  motion;  such,  for  example,  as  the 
mechaDiBm  by  which  the  truck  in  a  travelling  crane,  that  carries 
the  boiating  machinery,  is  made  to  move  to  different  positiona  on 
a  bsvelling  platform,  which  itself  is  capable  of  being  moved  to 
difierent  positions  on  a  fixed  framework;  or  the  mechanism  by 
wbieh  the  arm  in  a  drilHng  machine  is  made  to  move  to  various 
'itioDH,  earthing  with  it  the  boring-tool  and  the  machinery  by 
eh  that  tool  is  driven ;  or  that  by  which  the  tool-holder  in  a 
pjng  machine  is  turned  into  various  positions,  according  to  the 
directions  in  which  the  strokes  of  the  tool  are  to  be  n 


fjxia  directions  ie 
^JM-metiim  in 


meant  the  mechanism  is  i 
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means  of  which,  afler  a  stroke  has  been  made,  either  the  catting- 
tool  or  the  tvork  (that  is,  the  piece  of  material  operated  upon)  is 
shifbed  into  a  new  position,  preparatory  to  making  the  next  cut; — 
for  example,  in  a  lathe  for  turning  a^es,  the  f^-motion  causes 
the  tool  to  shifty  at  each  revolution  of  the  axle  that  is  being  turned, 
through  a  certain  distance  in  a  direction  parallel  to  the  axis  of 
rotatipn;  and  in  a  sawing  machine,  the  feea-motion  causes  the  log 
of  wood  that  is  being  sawn  to  advance  through  a  certain  distance 
either  during  or  after  each  cut  of  the  saw.  Some  feed-motioDs 
«rB  oontinuoiiB  in  their  actioii;  others  are  intermitteiit. 

It  is  obvious  that  the  geneiul  principles  of  timvaniii|f-geu;  aad 
of  those  feed-motions  in  which  the  tool  is  duftedyare  those  of  «4|/lta^ 
trains^  already  stated  in  Article  228,  pages  235  to  238.  The  am- 
sideration  of  traversing-gear  and  fised-motions  in  detail  beknigs  to 
the  subject  of  the  construction  of  machineiy,  and  most  tfaenfora 
be  deferred. 

Section  I. — Of  Engaging y  Disengaging,  and  Reoersing^ear. 


259.  Gwifiai  gjcyh—ito—.— Engaging  and  Diaengaging-CSear,  or 
sometimes  Disengaging  and  Be-engaging-€^r,  is  the  name  given  to 
those  contrivances  by  means  of  which  the  connection  betweea  a 
follower  and  its  driver  can  be  begun  and  stopped  at  will; — in  other 
words,  by  means  of  which  the  combination  can  be  thrown  tiilo  ^mt 
and  out  of  gear  when  required.     For  brevity's  sake,  vaA  oo«- 
trivances  may  be  called  simply  Disengagements,     Disengagements 
may  be  classed  in  different  ways.     According  to  one  mode  «f 
classificatioD,  they  are  distinguished  into  those  which,  in  the  com- 
munication of  motion,  act  by  pressurey  and  those  which  act  bj 
friction.     Disengagements  which  act  by  pressure  are  precise  and 
definite  in  their  action;  that  is,  the  connection  between  the  pieces 
tkat  are  thrown  into  gear  at  a  given  instant  is  established  at  once, 
in  a  certain  definite  position  of  the  pieces,  and  with  a  cerCaia 
definite  velocity-i-atio.      Disengagements  which   act  by  frictioa 
are  to  a  certain  extent  indefinite  in  their  action ;    that  is,  tho 
velodty-ititio  corresponding  to  the  complete  establishment  of  tlw 
connection  is  produced  by  degrees ;  and  the  relative  position  of  the 
pieces  when  tlie  connection  is  completely  established  is  ancertaia. 
In  certain  cases  tho  definite  action  of  the  former  class  of  disea* 
gagements  is  necessary :  in  other  cases  it  is  unnecessary ;  and  ia 
these  the  frictional  class  of  disengagements  have  a  great  advmDtage> 
because  of  their  avoiding  the  shocks  and  straining  actions  whin 
accompany  sudden   changes  of  velocity.      The  principles  upon 
which  such  straining  actions  depend  belong  to  the'  dynamici  of 
mechinery. 
By  Another  mode  of  olaadfication,  dieengagementi  are  mmngt^ 
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Bortiing  to  the   kind  of  mecbaniEin  of  wliich  they  conust^  u 


^^k  t.  DismgmgtauHta  by  vuana  of  Cowplmgs;   where  two   pieces 
^Hbm  taini  abotit  odo  txia  are  coupled  or  uncoupled  &t  pleasure;  so 
^fkt  when  oon[ded,  thejr  tttrs  as  one  piece.     These  may  traosmit 
■MrtioD  vither  uy  pressure  or  by  frictioti. 

II.  Dismgagementsanth  Rolling  Coniael. — These  always  tnnBtnit 
nxAion  W  fricdou. 

IlL  Diaaujagetnfntatnth  (Gliding Cmdaet. — These  transmit  motion 
by  pnamre;  and  in  most  canea  they  act  by  throwing  toothed 
vh(«k  or  Krewa  into  and  out  of  genr. 

IV.  Oiiengafeinenlt  b*/  flamlt  transmit  motion  by  friction. 

V.  liiasngag^mente  by  Linkujork  tranBmit  motion  by  pivesur& 

VI.  DitatffiMjfemenCt  leilh  tlyinadie  Conwium  transmit  ntotton 
tiy  the  pramre  of  a  fluid;  and  they  are  made  to  act  by  the  opening 
end  thntUng  of  valves, 

/lerming-Gear  nsiinlly  conxiflta  stniply  of  a  double  set  ol* 
-itpt^;;  inti  dim.'ngBging-genr;  that  is  to  aay,  an  anviigemeDt  of 
:i--^tuDi«u  by  nieana  of  which  the  follower  can,  when  required,  be 
urwwn  into  (jearing  with  one  or  other  of  two  drivers  that  drive  it 
in  ufifnaate  directioDB.  or  may  bo  diaengaged  from  Vxith. 

It  i»  obvious  tliat  all  the  combinations  in  which  the  connectioii 
ia  iirtvmittent  (enumerated  in  Article  S19,  pa^  231)  are 
Ttwuplaa  of  aelf-aettng  disengi^menta;  and  that  some  of  them 
<  'odi  M  dw  eecapeutents  described  in  Article  164,  page*  176  to 
:  79)  an  cotampln  of  self-acting  revemng-gear. 

SSL  OwHi.— A  elnt<li  ia  a  sort  of  coopling,  iu  which  ont; 
,-,  itAting  piece  drives  nnothET  piece  that  turns  about  the  same  kxik. 
t)Mr  If  mil  of  two  or  mora  projecting  claws  or  horns,  that  fit  into 
<«itrMpOPdiitg  reeeesFH,  oi-  lay  hold  of  oorrespondJii;;  horns,  ou  thu 
nwma  fwec.  In  n  itiseugaging  dutch  the  driving  piece  is  a 
cyiiadricnl  box  or  rollur  with  mitafate  horns,  which  m  capable  of 
laaHj  sliding  len-^hwise  ujion  a  rotating  aliaft,  and  ia  nuide  to 
nteta  ooustantly  along  with  the  Ehaft,  l^  having  in  iu  internal 
rylin^noal  surface  a  slot  or  longitudinal  groove,  litting  a 
kmgttodiii&l  key  or  fcaUier  that  projects  from  the  shnft.  In  the 
tNrtar  cylindrical  ntrfiioe  of  the  clutch  is  a  circular  groove,  into 
wfaiek  uwni  fit  easily  the  rounded  ends  of  the  prongs  of  a  forbad 
baad-lms-,  by  means  of  which  the  clutch  con  be  shiitod  kogthwisi' 
oa  iIm  riiaft  through  a  distance  suiEcirut  to  engage  ita  haras  with 
or  4iHagsae  them  from  those  of  the  following  piece.  Hie  foUowu^ 
mcB  n^  m  another  length  of  ahuft,  taming  about  the  suDO  axis; 
«r  it  Bsy  be  a  wboel  or  a  pulley,  loose  upon  the  same  shaft  with 
tbe^leh. 

BoBtettraea  the  acting  faoea  of  the  clutch,  instead  of  being  phwed 
g  the  axis  of  rotation,  are  inclined  faackwuda  aA  nQtw  ^la 
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direction  of  motioii  at  an  angle  of  15%  or  thereaboatB.  The 
effects  of  this  are,  that  a  certain  forward  pressare  must  be  oontiDii- 
ally  exerted  by  the  lever  on  the  clutch  when  in  gear,  in  order  to 
mi^e  it  keep  its  hold;  and  that  any  sudden  acceleration  of  one  of 
the  parts  of  the  coupling  causes  the  clutch  to  lose  its  bold,  and 
thus  prevents  the  transmission  of  a  shock  to  the  machinery  which 
is  driven  by  means  of  it. 

261.     FrIctioB-ClBicli— FrlcUoB-C««es— FrlcilMHSect«n — VwUtimt 

lilacs.— In  the  yHctton-diUch  the  following  piece  is  a  circular  disc, 
having  a  hoop  which  grasps  it,  and  which  can  be  tightened  or 
slackened  by  means  of  screws  until  the  friction  between  the  hoop 
and  the  disc  is  just  sufficient  to  transmit  the  required  power. 
The  hoop  has  two  projecting  horns,  corresponding  to  those  of  the 
clutch.  When  this  combination  is  thrown  into  gear,  the  dutch 
instantly  communicates  its  own  velocity  to  the  hoop ;  but  the  hoop 
at  first  slips  on  the  disc,  which  is  set  in  motion  by  d^rees;  and 
thus  dangerous  shocks  are  avoided. 

In  Hhe/riction-cones  the  driver,  as  in  the  case  of  the  clutch,  is  a 
cylindrical  box,  turning  along  with  the  shaft,  and  capable  of  being 
shifted  lengthwise  by  means  of  a  hand-lever;  but  instead  of  homs^ 
it  has  a  disc  with  a  rim  turned  to  a  very  accurate  and  smooth 
convex  conical  surface.  The  follower  is  a  disc  whose  rim  is  tuned 
to  a  concave  conical  surface,  exactly  fitting  that  of  the  driver. 
When  the  driver  is  pushed  forward  by  means  of  the  lever,  so  as  to 
press  the  two  conical  surfaces  together,  it  gradually  imparts  its  rota- 
tion to  the  follower  by  means  of  the  friction  of  those  sur&ces.  On 
drawing  back  the  dnver  by  means  of  the  lever,  the  connection 
immediately  ceases. 

The  angle  of  obliquity  of  the  conical  surfaces  should  be  just 
great  enough  to  prevent  any  risk  of  their  becoming  jammed  against 
each  other,  so  as  to  prevent  disengagement;  and  for  that  purpose 
an  angle  of  10°  or  thereabouts  is  sufficient 

In  the  /rictumal  sector  coupling  (invented  by  Mr.  Bodmer) 
the  follower  is  a  cylindrical  box,  loose  on  the  shaft,  and  canying  * 
circular  disc-plate  with  a  hoop-shaped  rim.  The  inner  cylindrical 
surface  of  that  rim  is  turned  true  and  smooth.  The  driver 
consists  of  a  boss  fixed  on  and  turning  with  the  shaft,  and  canying 
an  expanding  disc  composed  of  two  sectors,  with  true  and  smooth 
cylinctical  rims,  fitting  the  inner  sur£ice  of  the  rim  of  the  foUowen 
Those  sectors  can  be  simultaneously  moved  from  or  towardf 
the  shaft  by  means  of  right  and  left-handed  screws,  turned  bj 
levers  and  Imks;  the  links  lie  parallel  to  the  shaft,  and  are  jointed 
to  a  ooUar  which  is  shifted  by  means  of  a  forked  lever,  as  in  the 
ordinaiy  clutch.  When  the  sectors  are  moved  outwards,  thej  fit 
tightly  to  the  inside  of  the  hoop-shaped  rim  of  the  foUoww,  and 
hjr  tbdr  fijotion  oommunioate  to  it  the  rotation  of  tlio  afaift 
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,  moTed  inwanis,  they  cease  to  touch  that  rim,  and  the 
nuiection  ceases.  (8e«  Fdrbaim  On  MUltoork,  Fart  II,  £ditioD  of 
J63,  pp,  91,  92.) 

In  Mr.  K.  D.  Napier's  disengaging-gear  the  posbiog  fonrard 
L  the  usnal  way  of  a  cylindrical  clutch-box  causes  two  B^mental 
eces  to  grasp  between  them  a  clruin  that  rotates  with  the  shaft,  ami 
I  to  communicate  rotation  to  a  disc  to  which  they  are  attached. 

In  the /rirfiOTt-rfwe  disengBgement  (Mr.  Weston's  invenUon)  a 
X  of  flat  di»»  are  made  to  turn  along  with  the  shaft  by  means  of 
raoTes  and  leathers,  and  are  capable  of  shifting  longitudinally  to 
small  extent.  Between  each  pair  of  that  first  set  of  discs  is 
laced  a  disc  belonging  to  a  second  set,  which  are  loose  on  the 
laft,  but  are  made  to  turn  along  with  it  when  required,  by  press- 
ig  them  between  the  discs  of  the  first  set.  The  second  set  of  discs, 
J  means  of  grooves  and  feathers  at  their  outer  edges,  carry  along 
ith  them  in  their  rotation  a  wheel  or  a  pulley  concentric  with 

2C2.    OlmcaBCMCBU    mcilag    kr    BaUIni    CmiWei. — A    pair    of 

heels  acting  on  each  other  by  rolling  contact  may  be  engaged  and 
fleogaged  when  required  by  pressing  them  together  and  drawing 
lem  asunder,  ihe  axis  of  one  of  them  being  made  moveable  for 
lat  purpose ;  and  this  is  pi-actised  in  grooved  frictional  gearing  of 
le  kind  described  in  Article  111,  page  loO. 

The  principle  of  another  method  of  effecting  engagement  and 
jement  by  wheels  in  rolling  contact  is  shown  in  fig.  213. 


Fig.  213 


fca  B  are  the  traces  of  the  fixed  axes  of  a  pair  of  smooth  wheel^ 
^pa  rarfaces  do  not  tonch  each  other :  A  being  the  driver  and  B 


1396  oEOioimT  or  kacsinert. 

the  follower.  C  ia  the  traee  of  the  moveable  am  of  an  mteiiaB^te 
idle  wheel,  which  diiyes  B,  and  is  driven  hj  A;  D  hms^  the  pitdi- 
point  of  A  and  C,  and  E  the  pitch-point  of  0  and  B.  Tbe  atnujght 
une  D  E  is  the  common  line  of  ootiaeetion  of  the  three  wheeU; 
and  as  pressure  only,  and  not  tension,  can  be  transmitted  along 
that  line  from  the  fiist  wheel  to  the  third  wheel,  the  cosmectioa 
ceases  if  the  motion  is  reversed.  To  disengage  the  wheds  while 
in  motion  forwards,  the  axis  C  is  shifted  so  as  to  pat  an  end  to 
the  contact  at  D  or  at  E,  or  at  both  those  pointB. 

The  angles  of  obliquity,  C  D  £  =  C  E  D,  which  the  line  of 
connection  D  E  makes  with  the  two  lines  of  centreSy  A  O  and 
B  O,  ought  to  be  a  little  greater  than  the  "angle  of  repose"  of  the 
surfaces  of  the  wheels,  in  order  that  the  wheel  C  may  not  become 
jammed  between  the  wheels  A  and  B;  but  it  on^t  not  to  be 
greater  than  is  just  sufficient  to  prevent  the  risk  of  jamming;  in 
order  that  the  force  with  which  C  must  be  pressed  towards  A  and 
B  may  not  become  unnecessarily  great.  The  value  of  that  force 
and  of  the  angles  of  obliquity  will  be  considered  under  the  head 
of  the  ''Dynamics  of  Machinery;"  meanwhile,  in  anticipation  of  tliat 
division  of  this  treatise,  the  following  values  are  given  of  the  a^gia 
of  repose  for  different  surfaces  : — 

Cylindrical  surfaces  without  grooves. 

Metal  on  Metal;  dry,  10^;  slimy,  S**;  greasy,  4'. 

Metal  on  Oak ;  dry,  28° ;  wet,  U°. 

Metal  on  Elm;  dry,  13°. 

Leather  on  Metal ;  diy,  29^°;  wet,  20°;  greasy,  13*. 

Leather  on  Oak,  17°. 

Grooved  metal  surfaces,  as  in  frictional  gearing;  abont  28". 

The  coustruction,  tlierefuix.*,  for  design  lug  tbinditiiengagementiBas 
follows: — Construct  an  isosceles  triangle 0  D  £,  with  thoan^esat 
D  and  E  each  a  little  ^i*eater  than  the  angle  of  repose;  pcoduce 
C  D  and  0  E,  laying  off  upon  them  D  A  and  E  B  proportional  to 
the  radii  of  the  wheels  to  be  connected ;  join  A  R  Then  the  pio- 
portions  bomo  respectively  by  A  D,  B  E,  and  0  D,  to  A  B^  will 
be  those  which  the  radii  of  the  wheels  arc  to  bear  to  the  line  of 
centres. 

2(\3,   I>i«eBga«eiiients  and  Bercnlnff-Oear  acUna  hj  JHMhig  €>•■- 

tnci. — A  pair  of  toothed  wheels,  whether  spur,  bevel,  or  Aew- 
bevel,  may  be  thrown  into  or  out  of  gear  by  shifting  one  ot  then 
along  its  axis.  This  sort  of  disengagement  belongs  to  the  daa  in 
which  motion  is  transmitted  by  pressure;  so  that  the  velodty-ntio 
and  the  relative  position  of  the  pieces  are  definite,  and  the  coift- 
munication  of  motion  abrupt  Another  way  of  making  it  ad  v 
to  have  the  whe<*ls  always  in  gearing  with  each  otlierp  mni  t9 
cfTect  the  engsigemcut  and   disengagement  of  one  of  tlMBi  Ij 


2W 


n  Artiole  360, 


Q  contrary  directions  a  jiairof 


mieaaa  of  •  dutch  upon  the  shaft  thftt  carries  it 
I«£i>  295. 

Tie  mo*  comnMn  kind  of  rererHing-gear  -which  acta  l)y  meana 
rf  toothed  wbeeie  is  ehown  in  fig,  214;  A  is  the  driving-shaft, 
^BTjing a  bevel-wfaMl  which  drives  ~'~     ""'  -       '-      ■■ 
beod-wlwels,  B,  C,  that  turn  loose 
«■  tlw  driven  ^laft,  D  D.     A 
4anUo  dntdt,  E,  altding  along 
a  faattiv  on  the  latter  Ehaft,  a 
■udo,  hf  nKHDB  of  a  collar  aud 
fertr,  to  lay  hold  of  the  one  or 
tlie    other   of    the    bcvel-nheela 
B,  C,  aixacding  to  the  direction  in 
which    the     shaft    D    D   is    to 
t«tat«. 

364.   PliMB««Mi«U    mat    Mr- 

■otBtwn  is  traDBmitted  from  one 

■haft  to  another  Lj  means  of  a 

Mi  and  a  pair  of  pnlleys,  the 

fcm  of  engaging  and  diaengngiDg- 

rar  oaployed  is  the  "fatt  and 

Joote  puiity  '  already  described  in 

Ankle  170,  pages  184  and  185. 

IW  fark  mentioned  there  is  called 

■  Ut-gmide,  or  btlt-akifivr.     It  ia 

■viduut  thai  the  contrivance  of  the  fiist  and  loose  poUey  is  app&able 

to  beha  kkme,  and  not  to  cords  and  chains 

Bmw»inij-^tar  by  means  of  belts  with  fast  and  loose  pulleys  is 
MiiM^ed  in  the  following  way:  on  the  driven  shaft  is  one  fast 
pMej,  between  two  loose  pulleys,  one  for  each  of  the  two  belte, 
vhicB  rm  in  oppoeite  directions.  In  the  act  of  reversing  tba 
■lutiaai,  cure  should  be  taken  that  the  belt  which  has  been  driving 
th»  fcst  ptillcy  is  shifted  completely  on  to  its  own  loose  pulley 
hefae  any  part  of  the  other  belt  is  shifted  on  to  the  fast  piilliy. 

A  awthod  of  engaging  and  disengaging  connection  by  bands, 
■fipbeable  t0  eonle  aa  well  aa  to  belts,  is  to  tighten  and  slacken  the 
hud  when  nnjiiired,  by  means  of  a  straining  puClei/,  as  already 
dMoibed  in  Article  174,  page  189, 

305.    ■!■#■— y  I  a^  aad  BermlBS-acBr  acttas  br  LlBkwvik.- 

k  ■■■>nal  diaengagementH  acting  by  linkwork  are  all  the  examples 
«f  intarmtttcnt  linkwork  described  in  Article  194  to  197,  pagn 
)0t  fa)  313;  and  in  most  of  those  examples,  besides  the  periodical 
diMBpuBOient  which  takes  place  at  each  return  stroke,  there 
■riala  Mo  the  meaos  of  making  a  permanent  disengagement,  by 
fcdBg  the  dick  or  catch  so  as  to  prevent  it  from  taking  hoVi  ol  "Chw 
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Fig.  215. 


teeth.     In  fig.  146,  page  207  (described  at  page  208),  ia  an 
example  of  reversing-gear  in  linkwork. 

In  ordinary  linkwork  (as  distinguished  from  click-and-ratdiet- 
work)  the  means  of  disengagement  consist  in  connecting  the  link 
with  the  pin  at  one  of  the  connected  points  by  means  of  a  gab 
(as  at  Ay  fig.  215);  that  is,  a  deep  notch  wi^h  plane  sides  and  a 

semi-cylindrical  bottom,  fit- 
ting the  pin  accaratel j  but 
easily.  The  link  ia  thrown 
out  of  gear  when  required,  by 
moving  the  gab  clear  of  the 
pin,  either  by  hand  or  by 
suitable  mechanism.  Sometimes  the  gab  is  provided  with  spresd- 
iiig  j&vs>  to  enable  it  the  more  easily  to  lay  hold  of  the  pin  when 
the  connection  is  to  be  re-engaged. 

Another  case  of  disengagement  by  linkwork  is  that  of  the  hooh 
in  a  Jacqucvrd  loom.  At  each  shot  or  stroke  of  the  loom  there  tn 
certain  threads  of  the  warp  that  have  to  be  raised  and  lowered 
again,  while  other  threads  remain  at  rest ;  the  order  and  arrange- 
ment of  threads  so  treated  being  varied  at  each  shot,  in  a  ^nmnrt^ 
depending  on  the  pattern  to  be  woven.  In  fig.  216,  B  C  is  a  hook, 
of  which  the  lower  end  is  connected  with  a  thread :  the  hook  is 

kept  in  a  nearly  vertioel  posi- 
tion by  passing  easily  through 
a  hole  at  D  in  a  horiaootal 
sliding  -  bar,  D  £,  called  a 
needle;  and  the  hooked  upper 
end,  at  B,  overhangs  a  hori- 
zontal bar  or  rail.  A,  which  is 
carried  by  a  frame  haTing  a 
vertical  reciprocating  molioo, 
of  the  extent  represented  by 
A  A'.  In  the  position  dioVB 
by  full  lines  and  a^tal  lettos 
the  hook  stands  ready  to  be 
Hfledby  the  rail  A;  batwhea 
the  needle  is  drawn  back  to 
the  position  d  e^  the  hook  ii 
made  to  assume  the  pootioB 
G  dhy  shown  in  dotted  Unfl^ 
in  which  it  stands  Hii^ii^Mwd 


a', 
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fiom  the  rail,  and  remains  at  rest  during  the  next  stroka  ne 
needles  are  usually  drawn  back  by  means  of  springs,  and  pmhrf 
forward  by  the  forward  stroke  of  a  drum,  F,  which  tonia  MNit  a 
horizontal  axis,  and  has  also,  along  with  that  axis,  a  teoipmoeliQg 
motion  in  the  direction  of  the  length  of  the  needles.    Tba  drm  ii 
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e  form  of  a  polygonnt  prism,  usually  square,  as  in  the  figure; 
cting  face  u  covered  with  an  obloDg  card  (of  paeteboud  or 
-,  metal),  having  holes  in  it  oppoute  the  enda  of  those  needles 
h  are  not  to  be  pushed  forward.  The  dram  does  not  rotate 
ig  its  forward  stroke,  vhen  it  is  pushing  the  needles;  bat 
ag  the  return  stroke  a  catch  pulb  it  ronod  so  as  to  bring  a 
face  opposite  the  needles,  vith  a  new  card  npon  it,  haring  » 
tT  arrangement  of  holes  for  the  next  atroki-.  The  cards,  id 
aoDt  number  to  produce  the  entire  patt«m,  arc  linked  together 
beir  longer  edges,  so  as  to  form,  as  it  were,  a  flat  chain,  which 
•B  over  the  drum,  by  whose  rotation  they  are  brought  round 
by  one  to  act  on  the  ends,  E,  of  the  needles. 
be  Jacquard  Apparatun,  of  dmm,  cards,  needles,  and  hooks,  may 
pplied  to  many  purposes  besides  that  of  lilting  the  threads  of  a 

X 

16.   1H»ai^§nmtmlM  mtilmg   hj   BT^nutllc  CVHseotoa — T>lTCa 

ia  the  driver  aud  follower  are  two  pistons,  and  the  former  trans- 
motion  to  the  latter  bj  means  of  an  intervening  mass  of  fluid 
n  Articles  207  to  211  a,  pages  221  to  227),  the  eDgagement 
disengagement  are  efiected  by  opening  aud  closing  a  valve  ia 
postage  through  which  the  displaced  fluid  flows:  aa  haa 
.  alraady  stated  in  Article  211,  page  224.  If  the  fbrwud 
ion  of  the  driving  piston  is  to  go  ou  while  the  valve  is  daMd, 
3  other  outlet  must  be  opened  for  the  fluid  which  it  Uisplaees. 
rBvereing  action  takes  place  in  hydraulic  coniiectioD,  wlten  a 
uu  of  fltiid  b  admitted,  by  means  of  suitable  valves,  so  aa  to  act 
-nately  on  the  two  udes  of  a  piston,  as  in  a  double-acting  watet- 
mm  engine. 

)  aH  cases  in  which  the  motion  of  a  piston  driven  liy  a  fluid  ia 
ned,  an  outlet,  with  a  suitable  valve,  must  be  provided  tor  the 
pa  from  the  cylinder,  during  the  return  stroke,  of  the  maw  of 
I  by  which  the  previous  forward  stroke  was  produced. 

)7.    ritadpln  Bf  (ke   Aclln  »t  TbItcs.— It  would    be    OUt    of 

3  ben  to  describe  in  detail  the  various  kinds  of  valven  used  iu 
bioe^;  and  therefore  a  summary  only  of  the  general  priiudplew 
bcir  conatruction  and  action,  so  iar  as  those  principlea  can  bv 

uIotmI  an  fonninv  mrt  of  the  flnnmetrv  of  Machinea.  will  luim    i 


302  OEOMErET  OF  MAGHnXET. 

driveB  a  fluid,  as  in  ordinary  pampBy  the  valves  are  luaallj  moved 
bj  the  fluid :  when  the  fluid  drives  the  piston,  it  is  in  genend 
necessary  that  the  valves  should  be  moved  by  hand  or  by  mechan- 
ism. In  water-pressure  engines  that  work  occasionaUy  and  at 
irregular  intei-vals,  such  as  hydraulic  hoists  and  cranea^  t&e  valves 
are  usually  opened  and  shut  by  hand;  in  those  whidi  work  poiodi- 
cally  and  continuously,  they  are  moved  by  mechanism  connected 
with  the  engine.  Valves,  when  cousidered  with  reference  to  tbe 
kind  of  motion  by  which  they  open  and  shut  the  porit^  or  orifices 
to  which  they  are  fitted,  may  be  distinguished  into  Drop-fmiveiy 
which  are  opened  and  shut  by  being  lifted  up  and  set  down ;  Flap- 
vcUveSy  which  turn  on  a  hinge;  and  Slid&ijcdves, 

The  tecU  of  a  valve  is  tibe  fixed  surface  on  which  it  resti^  or 
against  which  it  presses. 

The/ace  of  a  valve  is  that  part  of  its  surface  which  comes  in 
contact  with  the  seat. 

When  a  valve  occnrs  in  the  course  of  a  pipe  or  passagei,  the  vahe- 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  naj  pMS  the 
valve  with  as  little  change  of  area  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve-chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

A  valve  moved  by  mechanism  has  almost  always  a  periodied 
reciprocating  motion,  by  which  it  is  alternately  opened  and  shut. 
The  simplest  mode  by  which  that  motion  can  be  given  is  by  a 
crank,  or  an  eccentric,  carried  by  some  continuously-rotating  piece, 
and  acting  thi-ougb  a  rod ;  as  in  Articles  1 84  to  1 86,  pages  1 96  to  198 ; 
and  such  is  the  ordinary  way  of  moving  slide-voUvee,  JDrtij^  velvti 
are  sometimes  worked  by  the  same  kind  of  medtanlsiDy  intt  tbe 
addition  of  a  contrivance  for  setting  them  down  veiy  geadt^,  of  tbe 
kind  described  in  Article  190,  pages  202,  203;  or  hf 
cams  or  wipers  (Ai*ticles  160  to  164,  pages  170  to  175). 

The  principal  forms  of  valves  are  the  following  >— 

L  The  Bonnet-  Valve  or  Ctntical  Valve  is  the  ■imptM^ 
drop-valve,  and  is  a  flat  or  slightly  arched  circular  pbto 
face,  being  formed  by  its  rim,  is  sometimes  a  frustum  of  i 
and  sometimes  a  zone  of  a  sphere,  the  latter  figure  being  tlie  bat 
Its  seat,  being  the  rim  of  the  circular  orifice  whidi  thevahre  doso^ 
is  of  the  same  figure  with  the  fisu^  or  rim  of  the  Talve^  and  tbe 
valve-face  and  its  seat  are  turned  and  ground  to  fit  eeek  ether 
exactly,  so  that  when  the  valve  is  closed  no  fluid  oaa  paaa  The 
thickness  of  a  valve  of  this  form  is  usually  from  a  filth  to  •  tsA 
of  its  diameter,  and  the  mean  inclination  of  its  rim  about  4^. 

To  ensure  that  the  valve  shall  rise  and  fidl  verticaUj,  and  dv^f* 
■"^UIT»  to  its  seat  in  closing,  it  is  sometimes  provided  wtth  mifmie, 


moving  throngli  a  ring  or  cylindrical  socket.  A  knob  on  the 
of  tlie  ^indle  prevents  the  valve  from  rising  too  high.  When 
valve  is  to  be  moved  by  Land  or  by  mecbonism,  tlie  spindle  may 
be  continued  Uirougb  a  stuffing-box,  and  connected  -with  a  handle 
or  a.  lever,  so  as  to  be  tbe  means  of  trausuilttiug  motion  to  the 

IL  Tbe  Bail  Clack  is  a  drop-valve  of  the  form  of  an  accnrately- 
tuxned  sphere.  When  of  large  size,  it  is  in  general  hollow,  in  order 
to  reduce  ita  weight.  Its  lace  is  its  eatiro  surface:  its  seat  is  a 
Epbencal  zone. 

II L  Tbe  Divided  CoaittU  Valve  is  composed  of  a  series  of  con- 
centric rings.  Tbe  lurgeet  ring  may  be  couridered  as  a  bonnet- 
talre,  in  which  there  is  a  circular  orifice,  forming  a  seat  for  a 
smaller  bonnet-valve,  in  which  there  is  a  smaller  circular  orifice, 
forming  A  seal  for  a  still  smaller  bonnet-valve,  and  so  on.  This 
amngement  enables  a  largo  opening  for  the  passage  of  flnid  to  be 
fimsed  with  a  moderate  upward  motion  of  each  division  of  the  valve. 

rV.  The  Double-beat  Valve  ia  a  drop-valve  so  contrived  as  to 
enjtUe  a  large  puaage  for  a  lluid  to  be  opened  and  shut  easily  uttder 
a  high  pressure.  Fig.  217  represents  a  section  of  the  valve,  with 
itB  Mttte  and  chamber,  and  fig.  216  a  plan  of  the  valve  alone. 

ne  valve  shown  in  the  figure  is  for  tbe  purpose  of  opening  and 
g;  tbe  commanication  between  tbe  pipes  A  and  B 
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le  end      ^H 
en  the       ^H 


Tbe  pipe  B  ia  vertical,  and  its  upper  rim  carries  one  of  tho  t 
'  I,  which  are  of  the  form  of  tbe  fi-uatum  of  a  cone,  a 
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A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  tipper  end  of  the  pipe  B,  carries  a  fixed  circolar  disc,  whoee 
rim  forms  the  other  conical  valve-seat. 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annnkr 
conical  faces,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equaUj 
dose  to  the  two  seats,  a,  (l  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  opening  between  the  lower 
edge  of  the  valve  and  the  upper  edge  of  the  pipe  B,  and  through 
the  similar  opening  between  the  upper  edge  of  the  valve  and  ti^e 
rim  of  the  circular  disc. 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula : — 

Let 

di  be  the  diameter  of  the  pipe  B ; 

d^  that  of  the  disc ; 

h,  the  clear  height  from  the  pipe  to  the  disc,  less  the  thicdnms  of 
the  valve ; 

A,  the  greatest  area  of  opening  of  the  valve ;  then 


A  =  31416  "^Lt^.  A; (1.) 


and  in  order  that  this  may  be  at  least  equal  to  the  area  of  the  pipe 
B,  viz.,  -7854  dl,  we  ehould  have 

which,  if,  as  is  usual,  d^  ^  d^  gives 

A  ut  least  =  -^; (2 1.) 

but  A  is  in  general  considerably  greater  than  the  limit  fixed  by  tliii 
rule. 

If  the  upper  and  lower  seats  are  of  equal  diameter,  the  valve  ii 
called  an  equilihriumrvalve;  and  this  is  the  kind  of  doable-beil 
valve  most  commonly  used  in  steam  enginea  In  wator-pc«Hiie 
engines,  pumps,  and  hydraulic  apparatus  generally,  the  lower  valfe- 
seat  is  generally  made  a  little  larger  than  the  upper. 

Y.  A  common  Flap-  Valve  is  a  lid  which  opens  and  shots  If 
turning  on  a  hinge.     The  face  and  seat  are  planes. 

A  pair  of  flap- valves  placed  hinge  to  hinge  constitute  a  ^*bmikify 
dficky  The  chamber  of  a  flap-valve  should  be  of  conaideniUj 
greater  diameter  than  the  valv& 

VL  A  Flexible  Flap-Valve  consists  of  a  piece  of  some  flexihii 
material,  such  as  waterproof  canvas  or  India  rubber.  It  m^  bt 
rectangular,  so  as  to  have  one  edge  fixed  to  the  aeat^  and  As 
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opposite  edge  attached  to  a  bar,  by  moving  which  it  la  opened  and 
bhnt;  or  it  maj  be  circular,  and  £xed  to  the  seat  at  the  centre; 
and  this  is  the  form  usually  adopted  for  self-acting  flexible  flap- 
valves  in  pumps.  The  seat  of  the  flap  consists  of  a  flat  horizontal 
fT&tiog,  or  &  plate  perforated  with  holes.  To  prevent  a  circular 
flap-valve  from  rising  too  high,  it  in  usually  provided  with  a  guard, 
which  is  a  thin  metal  cup  foi'uied  like  a  segment  of  a  sphere,  grated 
'ir  perforated  like  the  valve-scat,  to  which  it  is  bolted  at  the  centre. 
When  the  valve  is  raised  by  a  current  from  below,  it  applies  itself 
to  the  bottom  of  the  cup.  When  the  current  is  reversed,  the  fluid 
from  above,  prefixing  on  the  valve  thixjiigh  the  holes  iu  the  cup, 
drives  it  down  to  its  seat  again. 

VII.  The  Diie-and-Pwot  Voire,  oe  Throttle- Valve,  caaalsta  ot  & 
thiD  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
ofwning  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangular.  The  valve  turns  upon  two  pivots  or 
journals,  placed  at  the  extremities  of  a  diameter  traversing  its 

When  the  ^'alve  is  turned  so  aa  to  tie  edgeways  along  the  pas- 
mgfi,  the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  variona  openings  can  bo 
Hade.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
ptpe,  the  opening  for  any  given  inclination  of  the  valve  to  that 
axis  is  proportional  to  the  coveraal-sine  of  the  indinaiion.  If  the 
Vklvc  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  difference  between  the  tine  of  that  indinattoit 
and  the  *ine  of  the  inelinalion  viken  shut. 

The  faee  of  this  valve  is  its  rim;  its  seal  is  that  part  of  the 
internal  surface  of  the  passage  which  the  nra  touches  when  the 
nUrv  is  shut ;  and  those  surfaces  ought  to  be  made  to  fit  very 
aecnntely,  without  being  so  tight  as  to  cause  any  difficulty  ia 
ofiMung  the  valve. 

Oiw  tit  the  journals  of  the  valve  usually  passes  through  a  hiish 
ur  ■  atnffing-box  in  the  pipe,  so  aa  to  aflbrd  the  means  of  commu- 
niaating  inolioD  to  the  valve  from  the  outside. 

Vllt  Slide-  Vali'M. — The  leat  of  a  slide-valve  consisU  of  a  plane 
isetal  Borfiuie,  very  aecumtely  formed,  part  of  which  is  a  rim  sur^ 
roaBdiag  the  orifice  or  port,  which  the  valve  is  to  close,  and  from 

1  !i  —  of  the  breadth  of  that  orifice,  while  the  remainder  exteods 

:i  iliatance  from  the  orifice  eqnal  to  the  diameter  of  the  valve,  in 
'.•■r  thai  tlie  valvo,  when  in  such  a  position  as  to  leave  the  port 
-iipletely  open,  shall  still  have  every  part  of  itH  tiice  in  contact 
.'.h  tbeant 
TIm  vslva  ii  of  such  dimensions  as  to  cover  the  port  to^Vibnc 


I 

I 
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with  tbat  portion  of  the  aeat  which  fonns  a  rim  sannmiidiBy  the 
port.  The  face  of  the  valve  must  be  a  tnie  plane,  ao  as  to  slide 
smoothly  on  the  seat  As  to  the  peiiodioal  motion  of  slide- 
TalveSy  see  the  next  Artide. 

KokUing  dide^wdves  are  sometimes  used,  in  which  the  ywlr^  and 
its  seat  are  a  pair  of  circular  plates,  having  one  or  mora  equal  and 
similar  orifices  in  them.  The  passage  is  opened  by  taming  the 
valve  about  its  centre  until  its  openings  are  opposite  to  Ummo  of 
the  seat,  and  shut  by  turning  it  so  that  its  c^nings  are  opposite 
solid  portions  of  the  seat     (See  page  314.) 

IX.  A  Piston-Valve  is  H  piston  moving  to  and  fro  in  a  c^inder, 
whose  internal  surface  is  the  valve-seaL  The  port  is  formed  by  a 
ring  or  zone  of  openings  in  the  cylinder,  commnnicating  with  a 
passage  which  surrounds  it ;  and  by  moving  the  piston  to  dther 
side  of  those  openings,  that  passage  is  put  in  communication  wilh 
the  opposite  end  of  the  valve-cylinder. 

X.  Cocks, — This  term  is  sometimes  applied  to  all  valves  which 
are  opened  and  shut  by  hand;  but  its  proper  application  is  to  those 
valves  which  are  of  the  form  of  a  frustum  of  a  con^  or  oonoid, 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hoUow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  i^oss 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  aoeoraldy, 
and  having  a  transverse  passage  through  it  of  the  same  figure  and 
size  with  the  bore  of  the  pipe,  so  tha^  in  one  position  it  foras 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
current,  while,  by  turning  it  into  different  angular  poaitioM,  the 
opening  may  be  closed  either  partially  or  wholly. 

268.  Periodical  ]ii«tton  mf  fliMe-¥«iv«i.— The  motion  of  a  slide- 
valve  driven  by  a  crank  or  an  eccentric  is  a  case  of  approximais 
harmonic  motion,  as  already  described  in  Article  239,  page  S50; 
and  in  most  cases  which  occur  in  practice,  it  may  be  tieated,  witih 
out  material  en*or,  as  if  it  were  exact  harmonic  motion :  that  is 
to  say,  the  travel  or  length  of  stroke  of  the  dide  ia  twice  tt« 
eccentric-arm ;  the  slide  is  in  its  middle  position  when  the  eeeentric- 
arm  is  sensibly  at  right  angles  to  the  line  of  its  dead-pointi; 
in  other  words,  when  the  jtAom  of  its  revolution  is  aenaiUy  W'f 
and  the  displacement  of  the  slide  from  its  middle  poataoa  si 
any  given  instant  is  sensibly  equal  to  the  eccentrio^nn  mnltnlitd 
by  the  cosine  of  the  phase.  For  example,  in  fig.  220  (pageoOSV 
the  straight  line  F  A  L,  bisected  in  A,  represents  twice  the  eecta- 
tric-arm ;  so  that  A  F  and  A  L  respectively  represent  the  diiplaBe- 
ments  of  the  slide  at  the  two  dead-points  of  the  revolution  of  tkt 
eccentric,  when  the  phase  is  respectively  0''  and  180^  On  1km 
two  lines  as  diameters  describe  two  equal  circles,  A  H  F  G  iit 
Mnd  AH^LF A;  then,  when  the  phase  is  »  .^FAD,  tfca  S/^ 


i 


waata  or  nuarTALTK.  3tt 

s  =  A  G;  mud  vben  tbe  fimae  it  =  .^^t XH,  ^ 


(lujilacemeat  i^ 
displkcemeot  A  G. 

Uader  the  gconiettj  of  n 
hy  whicfa  lh«  movement  of  the  di<l»-Tali«  of  ■■  «  _ 
Umt  wrt&in  relations  to  that  of  the  cnuik  wilb  vUA  tka  ft^m. 
U  connected     The  following  aru  tenm  vmet  m  thmm  rJan— 

Thr  tvo  oppoaite  aidea  of  tlie  port,  or  oUmg  afwOK  >•  fte 
HBt  ot  a  tlide-valve,  are  disttDgiii>li«l  as  Ibe  MjMdlio»«Haad  Ab 
mhietioii-»idt; — the  former  being  the  tide  at 
t&«  port;  the  latter,  the  dde  at  vhich  it  ii  i „ 

Tne  lap,  or  cover,  of  a  slide-valve  at  one  of  ila  edge*  i>  the 
td  which  that  edge  overlaps  the  adjoining  oige  ot 
th«  }>oTt  which  it  coven  when  the  alide-Talre  m 
iiiddle  position.     In  tig.  219  ' 


^ 


fi(  port  of  a  vertioal  slidc-T&lve  and  itsport; 
W  i»  thu  lower  port  of  a  cylinder;  X,  the 
lower  half  of  the  itlide-riilve,  in  ita  "iiHtt 
poaitioii;  IT  is  the  induction-tiile,  and  T  tba 
*     "  n-tide,  of   the  port;  C  is   the   tmfwdiwa'  i^XUl 

nd  P  the  tdiKtion-tdge  of  the  TalTc;  UC 
t  lap  on  tiie  iTuiuetion-ride,  Bud  T  P  tbe  t^p  <M  lie  adaciMii^ 
'  e  hollow  part  of  the  valve  oppoaite  X  b  called  tfe  cdM^ 

U  evident  that  the  opening  and  cloting  cf  tbe  pgvt  at  ekks 
tako  place  at  the  lustAnts  when  the  diqiheeneat  «f  the  rfide 
dtrection  aieay  from  that  Bide  is  equal  lo  tlte  lap  it  that  aide; 
that  the  port  rctouins  ojiep  at  that  side  ao  long  aa  Ifae  ili^it^tfi 
\  in  the  proper  direction  is  greater  than  the  lap.  Thai,  tite 
W  remains  open  at  the  ude  U,  so  long  as  the  diq^aeetaait  of 
Ude  towards  P  is  greater  than  U  C;  and  at  the  nde  T,  so 
ai  the  displacement  of  the  slide  towards  C  if  gnatcr  than 
If  the  lap  at  either  eide  is  nothing,  the  openiitt  and  **'»»y 
side  take  place  in  the  middle  positioQ  of  die  ibde ;  and  thtt 
remains  open  at  that  dde  during  half  a  rerolntuMi  of  the 

t  at  which  the  port  is  first  opened  at  the  indnctifHt- 
d  the  instant  of  adrntaaxon;  that  at  which  it  is  closed, 
ir  eut-off;  that  at  which  it  is  fiist  opened  at  the 
n-sidv,  the  instuQt  of  Teleate;  that  at  which  it  ia  clewed  at 
to  aduction-side,  the  instant  of  compresfioTt, 
J  the  angvlar  advance  of  the  eccentric  is  to  be  understood  the 
e  at  vhidi  the  ecoentric-arm  stands  in  advance  of  that  pontion, 
:h  woald  bring  the  slide-valve  to  mid-stroke  when  the  crank  is 
ai  ita  drwi-pinnts:  in  other  words,  the  excess  above  90*  of  the 
plmn  of  the  ecccatdc  when  the  phase  of  the  cnrH  la  (fj  cv  is 
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symbolfl,  phase  of  eccentric  —  phase  of  crank  -  SO.  When  the 
slide  is  at  its  middle  position  at  the  same  instant  at  which  tht 
crank  is  at  a  dead'poin^  the  angular  advance  is  nothing. 

Elle  I. — Given,  the  positions  of  the  crank  at  the  instAnt*  at 
admission  and  cut-off;  to  find  the  proper  angnUr  advancw  of  tU 
eccentric,  and  the  proportion  of  the  lap  on  tbo  induction-side  U 
the  half-travel  of  the  slide.* 

In  fig.  220,  let  A  B  and  A  C  be  tlie  positions  of  the  eiank  •! 
the  beginning  and  end  of  the  forward  stroke ;  let  the  armv  cb»« 
the  direction  of  rotation;  let  X  x  be  [H.>rpcndicular  tu  BC;  iM 
A  D  be  the  position  of  the  crank  at  the  instsnt  of  cut-off,  and 


A   E   its  position   at  the   instant  of    admission.      Dnv  Al 
blsectbg  the  angle  £  A  D ;  A  F  will  represent  the  pooitioD  ct  M 

'Tbe  tDcthod  nsed  in  tbis  and  the  rolloHing  rale*  U  Uutt  of  Pnrf 
ler.  of  the  Swibb  TcAMtl  ¥o\ylcc\io.io  School  at  Zarich,  pablial 
u  .SU)le-valv«  G«wnn|i,  eD>a<te(i,  D^  EttttdNntaurwfaK 
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crauk  at  the  instant  vhen  the  nlitle  is  at  t])c  forinard  end  of  its 
stroke;  and  FAX  will  be  the  angular  ndvatux  o/ the  eccentric. 

Ijtf  off  the  distance  A  F  to  represent  tbe  half-travel;  and  oa 
A  F  nii  a  diameter  describe  the  circle  A  H  F  G,  cutting  A  D  in 

G  and  A  E  in  H;  then  ^-=,  =  -^—p  will  be  the  required  ratio  of 

lap  al  tf«j  iiuiuclion-side  to  /laff-Cravel ;  nnd  A  G  =  A  H  will 
rcpmcDt  that  lap,  on  the  same  scale  on  which  A  F  represents  the 
half-travel. 

On  the  same  scale,  I  K  represents  the  width  of  opening  of  th« 
rttlveat  the  beginniiuj  of  the  stroke,  sfimetinies  called  the  "lead  of 
the  ttide."  Strictly  speaking,  this  id  the  lead  of  the  induction-edge 
of  the  slide  onlj;  the  lead  of  the  centre  of  the  slide  being  A  K; 
that  ia,  ita  distance  from  its  middle  position  at  t)ie  beginning  of  tlie 
forward  stroke. 

Rule  II. — Given,  the  datn.  nnd  results  of  the  preceding  rule,  and 

tbe  position,  A  M,  of  the  ctunk  at  the  instant  of  release;  to  find 

[    tbe  ntio  of  lap  on  the  eduction-side  to  half-travel,  and  tbe  position 

of  the  crank  at  the  instant  of  compression.     Produce  F  A  to  L, 

making  AL^AF;  on  ALaaa  diameter  draw  a  circle  cutting 

A  M  in  N  ;  then    — j-  will  be  the  required  ratio  of  lap  at  eductitm- 

tide  to  haif-travel. 

About  A  draw  the  circular  arc  N  P,  cutting  tbe  circle  A  L 
ignin  in  P;  join  A  P;  then  A  P  will  be  the  retjuired  potition  of 
iKe  crank  at  the  inttant  of  compression. 

RfLE  IIL— Qiven,  the  data  and  results  of  Rule  I.,  and  the 
f  insition,  A  Q,  of  the  crauk  at  tbe  instant  of  compression ;  to  find 
'heraUoof  lap  at  the  eduction -side  to  half-travel,  and  the  po,«tion 
■'f  the  crank  at  the  instant  of  release.  Products  F  A  as  before; 
on  A  L  =  F  A  as  a  diameter  draw  a  circle  cutting  A  Q  in  P ; 

will  be  the  recpiired  ratio  of  laip  at  l/ie  eduction-tide  to  half- 

About  A  draw  the  circular  arc  P  N,  cutting  the  circle  A  L 
a^n  in  X;  join  A  N;  A  N  *ill  V«  the  position  of  the  crauk  at 
the  instant  of  release. 

Ri-LE  IV.—Given,  the  angular  advance  of  the  eccentric,  the 
Wif-tiavel  of  the  slide,  and  the  lap  at  both  sides;  to  find  the 
p«aitiona  of  tbe  crank  at  the  iiistanta  of  admission,  cut-nff,  releaM, 
lod  Gompresion.  Draw  the  straight  lines  BAG  and  X  A  le  per- 
peodicnlnr  to  each  other;  and  take  B  and  C  to  represent  the  dead- 

r'mta.     Let  the  arrow  denote  the  direction  of  rotation.     Draw 
A  L,  TTiwhing  the  angle  F  A  X  =  the  angular  advance  u(  \\\& 

.   and  make  A  .^'  =  A  L  =  faalf-tnL\d.    Oa  ik%  v&^  J 
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A  L  as  diametcra,  draw  circles.  Abont  A,  witli  m  n 
the  lap  at  the  inductiou-dide,  draw  aa  arc  cuUiiig  the  c 
A  F  in  H  aud  G;  alao,  with  a  radios  equal  to  the  lut  ■ 
eduction-Bide,  draw  an  arc  cutting  the  drde  on  A  L  in  N  a 
Draw  the  stmight  lines  AHE,  AGD,  ANM,  APQ.  ' 
will  represent  respectively  the  portions  of  the  crank  at  the  it 
Oi  admission,  cut-off,  relecue,  and  eotnyrtigit^i. 

The  eccentric  maj  act  on  the  slide,  not  dlrectlj-,  bat  throogba 
train  of  levers  and  linkwork.  The  effect  of  this  on  the  spplicaun 
of  the  rules  is  merely  to  substitute  for  the  actual  eoceuUic-um  j 
virtual  eccentric-ai'm  equal  to  the  half-travel  of  the  elide. 

The  effects  of  the  link-motion,  of  double  slides,  and  of  Borc- 
able  alide-valve  seats,  in  modifying  the  length  and  position  of  itt 
Tirtoal  eccentric-arm,  have  been  already  described  in  A.*iftM  m 
to  241,  pages  250  to  2G0. 

Section  IT. — Of  Aiijuttmenti for  Changing  Sp«td  ami  Slt^ 

269.   Gennal  EiplaDBftaah — All  methods  of  fthjiiiging  Um  I^ 

city-ratio  of  an  elementary  combination  in  a  machine  ii|iiiiili  b 
changing  the  position  of  their  line  of  connection ;  far  on  tb*  yai- 
tionof  Ratline  the  velocity-ratio  depend^  acconliog  (o  tfa«  *  '  '- 
already  explained  in  Article  91,  page  78.  In  some  ai 
combination  contains  two  or  more  puira  of  acting  soriaoet  (> 
wheels  or  pulleys),  one  or  other  of  which  can  be  thrown  ini 
according  to  the  velocity-ratio  required;  and  then  it  '  ' 
necessary  to  stop  the  motion  in  order  to  change  tlte 
In  other  cases  there  are  contrivancea  for  cliangiug  tLe 
by  degrees  while  the  machine  is  in  motion. 

In  the  case  of  linkwork  the  change  of  velocity-ntio  ji  dB 
connected  with  a  change  of  length  of  stroke- 

Iilany  of  the  most  ordinary  and  useful  adjustments  for  ■''■■■(Fl 
speed  have  already  been  described  onder  tjie  he^d  of  daHMtfiT 
or  of  aggregate  combinations;  and  in  such  cases  it  will  be  wA- 
cient  in  the  present  section  to  refer  to  the  place  where  liim  dafedi' 
description  is  to  be  found. 

Adjustments  for  changing  speed,  like  engaging  and 
gear,  may  in  most  ca»es  be  distinguished  into  two  d 
aa  the  connection  is  made  by  pressure  or  by  friction, 
case  the  change  of  velocity-ratio  is  dctinite,  and  in  most 
sudden ;  in  the  latter  case,  gradual,  and  to  a  certain  ezteat 

270.    Clwn|fH«  apecal  kjr  Fricdaa-Wkeel*.— To  obtain  tku^  ■ 

speed  by  means  of  friction-wheels,  a  pair  of  paralld  shifts  net*  W 
provided  wit\i  as  many  ^^irs  of  wheels  as  there  an  to  he  diAfw" 
veiocity-iatioa ;  eAcb.  ^vt  ol 'v\i«^\a  Wing  cooiMOtod  «ilh'«A 
other,  not  dinctVy,  Vnil  \)y  ^sem&  «l  ul  MiMMndlBita  kO*  «W> 
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iwliich  cfto  be  thivivn  into  or  out  of  gear  at  pleasore,  ao  id  the 
Becood  in«tliod  of  diBeogagement  described  in  Article  2(12,  page 
297;  the  ODiy  differeoce  being  tiiat  whereaB  in  that  Article  the 
two  principal  wheels  of  the  pair  are  described  ob  being  equal,  in 
the  present  case  they  will  in  general  be  unequal.  The  rule  as  to 
the  obliqui^  of  the  line  of  connection  is  the  same.  (See  page  298.) 
A  combination  of  friction- wheels  in  which  the  velocity-ratio 
ia  clianged  by  degrees  during  the  „ 
motkiD,  is  shown  in  6g.  221.  (It 
forms  port  of  Morin's  Integrating 
Drnamomcter.)  A  is  a  piano  cir- 
cular disc,  turning  about  an  axis 
perpendicular  to  its  own  plane.  B 
is  a  wheel  driven  by  the  friction  of  Kg.  S31. 

the  disc  against  its  edge ;  and  it  turns 

Bbodt  an  asis  that  cuts  the  axis  of  A  at  right  angles.  The  angu- 
lar Ti-locity  of  B  TaviPH  lirofiortioniilly  to  ita  distance  from  tha 
centre  of  A,  and  la  varied  by  altering  that  distance. 

371.  l"^~i'ra  HpMd  br  Tosihrd  whHia.— The  ordinary  method 
oS  prodnciug  precise  and  definite  changes  of  the  angular  Tclocity- 
imtw  of  two  rdtating  shafts  is  by  means  of  cjiangf -wheels :  that  ia 
to  My,  there  are  several  paivj  or  trains  of  wheels,  suited  to  a  cer- 
tail)  aeries  of  velocity-ratios;  and  one  or  other  of  those  pairs  or 
tmins  of  wheels  is  thrown  into  gear  according  to  the  comparative 
^wiiil  that  is  wanted  at  the  time. 

Soowtiines  the  whfvls  are  made  so  as  to  be  put  on  the  shafla 
■nd  tkk«n  off  at  pleasure.  If  an  int^'rmediatc  idle  wheel  is  not 
naed,  between  two  shal't'^  connected  by  pairs  of  change -wheels,  thero 
most  be  am  many  pairs  of  change-wheels  as  there  are  diOerent 
fnAoatj-tatiot;  be(»use  tlie  som  of  the  geometrical  radii  of  each 
pur  mnt  be  eqnal  to  the  line  of  centres;  but  by  the  help  of  an 
— itemi««l>Bte  idle  wheel,  any  two  wheels  which  are  not  so  lai^  u 
I  taath  aidi  other  may  be  put  into  connection ;  so  that  by  ft 
per  chince  of  numbers  of  te«th,  the  number  of  different  ratios 
'  be  made  equal  to  the  product  of  the  nunilier  of  different 
'»  Uut  can  ito  fitted  on  one  shaft  into  the  number  that  can 
d  on  the  other  after  the  first  has  been  fitted. 
_  wheels  are  frequently  arranged  so  as  to  be  thrown  into 
r  oat  (rf  gear  by  shifting  the  whole  seriee  longitudinally  along 
"k  *lw  rfiafl  that  carries  them.  For  example,  in  fig.  223  A  A 
B  B  are  a  pair  of  parallel  axes;  and  the  transrerso  lineB 
d  1.  2.  3,  Ac,  represent  the  radii  of  two  series  of  change* 
»  carried  1^  shafts  turning  about  those  axes  respectively. 
sb  wheel  oi'  one  series  there  corresponds  a  wheel  in  the  other 
I,  otaiked  with  the  same  figure ;  and  any  such  pair  oau  b« 
n  into  gear  when  requii'ed,  by  aluftiiig  the  ihaiEt,  A\oug:t!Qi&> 
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sally.  To  place  the  wheels  on  the  shafts  so  as  to  occopy  the  least 
possible  space,  the  following  rules  are  to  be  observed : — Let  6  denote 
the  breadth  of  the  rim  of  a  wheel,  plus  a  small  allowance  for  clear- 
ance. Kange  the  radii  of  the  wheels  on  A  in  such  a  manner  that 
the  greatest  shall  be  in  the  middle^  with  a  diminishing  series  on 
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Fig.  222. 

each  side  of  it.  Then,  commencing  at  the  two  ends  of  the  donUe 
series,  make  the  two  eudmost  intervals  between  the  middle  jdanes 

of  the  wheels  on  the  axis  A  (1  2  and  7  6  in  the  figure),  eadi  =  h; 

the  pair  of  intervals  next  them  (2  3  and  6  5  in  the  figure),  eadi 

=  2  b;  the  next  pair  (3  4  and  5  4),  each  =  3  b;  and  so  for  any 
number  of  intervals  that  may  be  required.  Then  make  the  in- 
terval between  the  middle  planes  of  each  pair  of  wheels  on  the  axis 
B  greater  by  one  breadth^  b,  than  the  corresponding  interval  on  tha 
axis  A. 

272.  Changing  Speed  hjUmmitm  nad  Pnneja. — The  most  convenient 

way  of  changing  the  velocity-ratio  of  rotation  of  a  pair  of  shafti^ 
where  absolute  precision  in  the  ratio  is  not  required,  ig  by  means 
of  ^^apeed-conesy*  which  have  already  been  described  in  Article  175, 
page  185,  When  a  series  of  pulleys  is  used  with  radii  changing 
step  by  step,  the  motion  must  be  stopped  in  order  to  shift  the  band 
from  one  pair  of  pulleys  to  another;  and  this  is  applicable  to  oordt 
as  well  as  to  belts.  When  tapering  conoidal  pulleys  are  used,  the 
belt  can  be  shifted,  and  the  velocity-ratio  gradually  changed,  wkile 
the  machinery  is  in  motion;  and  this  is  applicable  to  belts  only. 

273.  ciumging  stMke  in  UniKwmk. — The  principles  upon  waidi 
the  length  of  stroke  in  linkwork  depends  have  been  explained  in 
Article  186,  page  197.  When  a  piece  receives  a  reotpracitiqc 
motion  from  a  lever,  a  crank,  or  an  eccentric,  the  idm[deBt  way  « 
changing  the  length  of  stroke  is  to  change  the  distance  of  tlM  cod* 
nected  point  in  the  lever,  citmk,  or  eccentric,  from  its  axis  of 
motion.     In  the  case  of  a  continuously  rotating  erank  or 

^biB  can  be  done  by  means  of  an  adjusting  screw,  the  molkMi 
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■topped  when  an  alteration  is  to  bo  made;  but  in  the  case  of  a 
RCiprooitiiig  levet,  the  pin  to  which  the  connecting-rod  is  jointed 
nay  be  carried  by  a  atud,  capablu  of  sliding  in  a  slot  in  the  lever, 
and  having  its  position  iu  that  slot  adjusted  by  means  of  a  rod  and 
■  iMndle  which  can  )«  shifted  while  the  machinery  is  in  motion. 
Sufficient  ejiamples  of  the  latter  kind  of  action  have  already  beea 
given  under  the  head  of  link-motions,  in  Article  240,  pages  2S3  to 
360. 

Fig.  323  represents  a  train  of  linkwork  proposed  by  Willis,  for 
■djosting  the  velocity •  ratio 
Kud  comparative  length  of 
atroke  of  two  reciprocating  - 
points.  The  points  to  be 
connected  ore  marked  D 
Mid  E;  and  D  A  and  E  A 
are  their  lines  of  stroke, 
interaecting  each  other  in 
A.  A  B  is  a  tiuin-antt 
centred  at  A,  and  capable 
of  being  adjusted  to  auy 
required  angular  position. 
At  B,  the  other  end  of  the 
tnin-arm,  is  centred  the 
reciprocating  lever  B  C, 
equal  in  length  to  6  A,  and 
connected  with  the  points 
D  and  E  l>y  the  links  C  D 

While  the  lever  B  C  oscillates  through  a  small  angle  to  either 
aide  of  B  A,  the  motions  of  D  and  E  ore  very  nearly  equal  to  the 
eomponent  motions  of  C  along  A  D  and  A  E  respectively;  that  is 
we  have,  at  any  given  instant,  the  following  proportion 
arly  exact  ;— 


Pig.  MS. 


which  B  F  and  B  G  denote  the  lengths  of  perpendiculars  let 
D  from  B  on  A  D  and  A  B  respectively ;  and  the  same  propor- 
.  I  hold  very  nearly  for  the  lengths  of  stroke  of  those  three 
Inte;  hence  those  projiortious  can  be  made  to  assume  any  re- 
d  value  while  the  mechanism  is  in  motion,  by  adjusting  iho 
■ition  ol  the  train-arm  A  B. 

[  S74.   Cbntalaa    RpMid    with    BTdraatlc    C*a«MUaB.>-The     COm- 

rative  speed  of  a  piston  driven  by  a  fluid  may  be  altered  by 
•ring  the  number  of  driving-pistons  which  force  the  fluid  into 
•  cylinder  of  the  driven  piston  at  the  same  time,     for  «x&\n'^. 
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in  some  hydraulic  presses  it  is  desirable  to  diminish  step  by  step 
the  ratio  which  the  velocity  of  the  press-plunger  bears  to  that  oi 
the  pump-plungers;  and  that  is  done  by  forcing  water  into  the 
presfr^sylinder  at  first  by  means  of  sevcnal  pumps  at  once^  and 
diminishing  their  number  as  the  process  goes  on,  until  at  last  only 
one  IB  kept  at  work. 


Abbendux  to  Abticlb  267}  Page  306. 

SUdto-TalTcs. — Another  class  of  rotating  slide-valves  is  that  in 
which  the  seat  of  the  valve  forms  part  of  a  cylindrical  sur£ioe, 
usually  concave;  the  face  of  the  valve  forms  an  are  of  a  correspond- 
ing cylindrical  surface,  convex  when  the  seat  is  concave ;  and  the 
reciprocating  motion  of  the  valve  takes  place  by  rocking,  or  oscillat- 
ing rotation,  about  the  axis  of  the  cylindrical  surfaces.  The  '^  Cor- 
liss "  valves  are  an  example  of  this. 

A  straight-sliding  slide-valve  and  its  seat  are  also  sovnetinies  of 
a  cylindrical  form,  the  reciprocating  motion  taking  place  paraUel 
to  the  axis  of  the  cylinder. 

There  are  instances  of  plane-faced  slide-valves  whidi  have  motioDS 
of  curvilinear  translation,  produced  by  aggregate  combinatioiis  of 
linkwork :  for  example,  Hunt's  slide-valves. 
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S75.  NauR*  Md  i»i*ii«»B  •€  ihB  SakjHt^In  the  present  Part 
of  thu  work,  niacliines  are  to  be  coiisiderefl  uot  merelj  ns  modify- 
ing motion,  but  also  as  mollifying  force,  and  transmitting  ener^ 
trma  one  body  to  another-  The  theory  of  machines  consists  chiefly 
ID  the  application  of  the  principles  of  dynamics  to  trains  of  mech- 
aniuD ;  and  therefore  moch  of  the  |)i'e8eut  part  of  this  treatiso 
will  connat  <^  references  back  to  Part  I.* 

Tbfra  are  two  fundnmen tally  different  waya  of  considering  a 
nachlnr,  each  of  which  mnst  be  employed  in  succeaaion,  in  order 
la  abtatn  a  complete  knowledge  of  il»  wurking. 

L  In  tlie  fint  place  is  considered  the  action  of  the  machine 
dnriag  ft  eertain  period  of  time,  with  a  view  to  the  determination 
«f  its  vnciD(CT;  that  is,  tlie  ratio  which  the  uw/W  part  of  ita 
work  beont  to  the  whole  expenditure  of  euet^.  The  motion  of 
•vmy  ordiDBty  machine  is  either  uniform  or  periodical ;  and  there- 
Ibra  tlie  principle  of  the  equality  of  energy  and  work  ia  fulfilled, 
citlier  oomrtautly,  or  ]ieriudically  at  the  end  of  each  period  or  cycle 
«f  dtanges  in  the  motion  of  the  machine. 

IL  In  the  second  place  is  to  be  consitlered  the  action  of  tbe 
BachiiM  during  intervals  of  time  less  than  its  period  or  cycle,  if 
its  notion  is  periodic,  in  order  Ui  determine  the  law  of  the  periodio 
chaagea  in  tbe  molious  of  the  pieces  of  which  the  macbine  con- 
■iata,  and  of  the  periodic  or  reciprocating  fnrcea  by  which  such 
eluuiges  are  produced. 

TIm  preaent  Chapter  contains  a  Eiimmary  of  the  principle!  of 
dynaiDics — that  wonJ  being  taken  in  the  comprehensive  eonse  in 
which  it  ia  osed  in  Thomson  and  Tait's  yalurat  Phiiotoph'/,  to 

'  Abugejiortioiioftha  jironcnt  Fart,  snileKpeci^fof  thsseocoidCbaptsr, 
dthHiglt  ocupnolly  written  fur  tbii  nork,  luia«Jre«<ly  appeared  as  an  Intro- 
AaciiaD  to  A  Maowtl  t^ thf  SltOTa  Ksginr  and  olhrr  Prime  Jitorrn-  fgr  that 
hook  WDidd  haite  been  uiooiupletc  withnat  an  explaaatioii  of  the  dfnaniical 
ptinciplca  of  tha  nation  of  machines  in  general. 
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denote  the  science  of  forces,  whether  employed  in  balancing  each 
other  or  in  'producing  motion.  The  ensuing  Chapters  will  contain 
the  special  application  of  those  principles  to  machines. 

27  G.  Forces— Action  and  Be-nction, — Every  foroe  is  an  action 
exerted  between  a  pair  of  bodies,  tending  to  alter  their  condition 
as  to  relative  rest  and  motion ;  and  it  is  exerted  equally,  and  in 
contrary  directions,  upon  each  body  of  the  pair.  That  is  to  say, 
if  A  and  B  be  a  pair  of  bodies  acting  mechanically  on  each  other, 
the  force  exerted  by  A  upon  B  is  equal  in  magnitude  and  contrary 
in  direction  to  the  force  exerted  by  B  upon  A.  This  principle  is 
sometimes  called  tlie  eqvxdUy  of  action  and  re-aeUan,  It  is  analo- 
gous to  that  of  relative  motion,  explained  in  Article  42,  page  21. 

The  forces  chiefly  to  be  considered  in  machines  are  the  follow- 
ing:— 

I.  Gravity,  exerted  between  the  parts  of  the  machine,  fixed  and 
moving,  and  the  whole  mass  of  the  earth.  The  action  of  the  earth 
on  the  machine  alone  requires  to  be  considered  in  practice;  for 
although  the  re-action  of  the  machine  on  the  earth  is  equal  and 
opposite,  the  enormous  mass  of  the  earth,  as  compared  with  the 
machine,  causes  the  eflects  of  that  re-action  to  be  inappredahle. 
This  is  the  only  case  in  which  re-action  may  be  disregarded. 

II.  Forces  exerted  between  parts  of  the  machine  and  eotUiguomi 
external  bodies,  solid  or  fluid.  Sometimes  those  bodies  support 
the  foundations  of  the  machine:  sometimes  they  drive  the 
machinery ;  as  when  the  impulse  or  the  pressure  of  a  fluid  drives 
an  engine:  sometimes  they  are  moved  by  it;  as  in  the  lifting  of 
loads,  the  overcoming  of  friction  against  external  bodies,  the 
working  of  machine  tools,  &c. 

III.  Forces  exerted  between  a  moving  piece  and  the  Jrmm,  at 
their  bearing  surfaces.  These  forces  may  be  distinguished  into 
pressure  and  friction.  By  the  pressures  exerted  by  the  bearings 
the  moving  piece  is  kept  in  its  proper  place  and  path;  by  firiction 
its  motion  is  resisted.  The  equal  and  opposite  re-actions  of  the 
moving  piece  on  the  frame  tend  to  strain  the  frame;  and  the 
making  of  the  frame  so  as  to  be  capable  of  bearing  them  involTet 
questions  of  strength,  belonging  to  the  Third  Part  of  this  treatise. 

lY.  Forces  exerted  betioeen  connected  moving  pieces.  These  too 
may  be  distinguished  into  pressure  and  friction. 

When  exerted  along  the  line  of  connection,  they  serve  to  timiis- 
mit  motion  and  motive  power ;  when  exerted  transverady  to  iK 
they  produce  either  a  straining  effect,  or  a  waste  of  meehanicil 
work,  or  both.  Here  the  equality  of  action  and  re-actioii  is  of 
great  importance.  The  force  which  is  exerted  between  a  driver 
and  a  follower  along  their  line  of  connection  is  a  drivimgfont^ 
otherwise  called  an  effort,  as  regards  the  motion  of  the  fiUloi 
und  a  resistance  as  regards  the  motion  of  the  driver. 
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Forces  exertj!il  between  the  difffrmt  partt  of  one  jAax, 
whether  fixed  or  moving.  These  constitute  the  «(«««,  by  which 
the  piece  resists  the  tendency  of  the  forcts  applied  to  it  externally 
to  overBtrain  it  or  to  break  it;  and  they  belong  to  the  subject  of 
tlie  Third  P&rt 

377.  Fama.  Imw  Detrmlned  and  EipmMil — A  forCC,  08  re- 
jects one  of  the  two  bodies  between  which  it  acta,  ia  determined, 
or  made  known,  when  the  following  three  thingn  are  known 
xspectiog  it:— _^r»f,  the  place,  or  part  of  the  body  to  which  it 
is  Mpplied ;  iKondly,  the  direction  of  its  action ;  thirdly,  its 
magntttuif. 

The  Placb  of  the  application  of  a  force  to  a  l>ody  may  be  the 
whole  of  its  volume,  oi  in  the  case  of  gravity;  or  the  surlace  at 
which  two  bodies  touch  each  other,  or  the  bounding  surface 
between  two  parts  of  the  same  body,  as  in  the  case  of  pressure, 
tension,  shearing  stress,  and  friction. 

Thns  every  force  has  its  action  distributed  over  a  certain  space, 
either  «  volume  or  a  surface ;  and  a  force  concentrated  at  a  singlu 
point  has  no  real  existence.  Nevertheless,  in  investigations  respect* 
ing  the  action  of  a  distributed  force  u[>on  the  position  and  move- 
■nento,  as  a  whole,  of  a  rigid  body,  or  of  a  body  which  without 
error  may  be  treated  as  rigid,  like  the  solid  parti  of  e  machine, 
fixed  or  moving,  that  force  may  be  treated  as  if  it  were  con- 
oentraled  at  a  point  or  poiiits,  determined  by  suitable  pro- 
tt^me*  i  ajid  such  Is  the  use  of  those  uuroeroiia  propositions  in  statics 
which  relate  to  forces  concentrated  at  jiointB;  or  single  /area,  ks 
th^  are  called. 

Th«  Di&KcnoM  of  a  force  is  that  of  the  motion  which  it  tends 
to  produce.  A  straight  line  drawn  through  the  point  of  applica- 
tion of  ■  single  force,  and  along  its  direction,  is  the  line  of  Acrios 
of  that  force. 

Th«  Mao.ittudes  of  two  forces  are  rqtial  when,  being  applied  to 
tlte  Mme  body  in  opposite  direclion.s  along  the  same  line  of  action, 
thry  balance  each  other. 

The  magnitude  of  a  force  is  expressed  arithmetical ly  by  stating 
in  numbers  its  ratio  to  a  certain  unit  or  etaridard  of  force,  which 
for  practical  purpusea  is  usually  the  vxight  (or  attraction  towards 
the  earth),  at  a  certain  latitude,  and  at  a  certain  level,  of  a  kuown 
DWM  of  a  certain  tnateriaL  ThuH  the  British  unit  of  force  is  the 
atanelard  potaid  amnrdapoit;  which  is  the  weight,  in  the  latitud« 
of  Ijondon,  of  a  certain  piece  of  platinum  kept  in  a  public  office. 
(8«w  the  Act  18  and  13  Vict,  cap.  72;  alw>  a  paper  by  Profenor 
W.  H.  Miller,  in  the  I'hilotophioal  Trantaaions  for  185C.) 

For  the  sake  of  convenionc*,  or  of  compHsnce  with  custom,  other 
snits  of  wwghtare  occasionally  employed  in  liritain,  bearing  CQrtBibk 
ratioa  to  the  Maudard  pound;  aucb  an —  ^ 
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Tlie  grain  =  r^Vr  of  a  poond  aToirdnponL 
The  troj  ponnd  =  5,760  grains  »  0-82285714  pound  aToiidupoia 
The  hundredweight  =  112  pounds  avoirdnpoisL 
The  ton  =  2,240  pounds  avoirdupois. 

The  French  standard  of  weight  is  the  hilogroimme,  which  is  the 
weight,  in  the  latitude  of  Paris,  of  a  certain  piece  of  phiAinum.  kept 
in  a  public  office.  It  was  originally  intended  to  be  the  weif^t  of 
a  cubic  decimetre  of  pure  water,  measured  at  the  temperatoie  at 
which  the  density  of  water  is  greatest — ^riz.,  4^*1  oentigEade^  or 
39°'4  Fahrenheit,  and  under  the  pressure  which  supports  a  baro- 
metric column  of  760  millimetres  of  mercury;  but  it  is  in  reality  a 
little  greater. 

A  comparison  of  French  and  British  measures  of  weight  and  of 
size  is  given  in  a  table  at  the  end  of  this  volume. 

A  kilogramme  is  2-20462125  lb&  avoirdupoisL 
A  pound  avoirdupois  is  0*4535926525  of  a  kilogrannna 

For  scientific  purposes,  forces  are  sometimes  cxptsMed  in 
Ahsdvte  Units.  The  <<  Absolute  Unit  of  Force  "  is  a  tenn  used  to 
denote  the  force  which,  acting  om  an  unit  of  mass  for  an  vnit  of 
time,  produces  an  unit  of  velocity. 

The  unit  of  time  employed  is  always  a  second. 

The  unit  of  velocity  is  in  Britain  one  foot  per  seoond;  in 

France  one  mdtre  per  seccmd. 
The  unit  of  mass  is  the  mass  of  so  much  matter  as  wdghs  one 
unit  of  weight  near  the  level  of  the  sea^  and  in  some 
definite  latitude. 
In  Britain  the  latitude  chosen  is  that  of  London;  in.  Wnact, 

that  of  Paris. 
In  Britain  the  imit  of  weight  chosen  is  sometunes  a  giain, 
sometimes  a  pound  avoirdupois;  and  it  is  eonal  ia  3J*187 
of  the  corresponding  absolute  units  of  foroa     In  Fnnee  the 
unit  of  weight  chosen  is  either  a  gramme  or  a  kikigraBiw^ 
and  it  is  equal  to  9*8087  of  the  corresponding  ahsolofts 
units  of  force.     Each  of  those  co-efficients  is  dftmrtod  by  the 
letter  g, 
A  single  force  may  be  represented  in  a  drawing  bj  n  ataaii^ 
line ;  the  position  of  the  line  showing  the  line  of  actum  of  thtt  fDm» 
and  an  arrow-head  its  direction ;  a  pcnnt  in  the  line  maikii^  the 
point  of  application  of  the  force;  and  the  length  of  th»  Kna  lepe- 
senting  the  magnitude  of  the  force. 

277  A.  HMinnrM  •€  F«rc«  ■■«  Hsm.— If  bj  the  vnit  <]f  ibroe 
is  understood  the  weight  of  a  certain  standardt  *odi  m  thi 
Avoirdupois  pound,  then  the  mass  of  that  standard  k  1  4>  f ;  «ii 
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the  unit  of  mats  is  ^  tames  the  maaa  of  the  stuidani;  ui<l  this 
is  tfae  most  convenient  system  for  calculations  connected  with 
mechanical  engineering,  and  is  therefore  folloired  in  th«  present 

But  if  we  take  for  the  nnit  of  mass,  the  mass  of  the  Btaodatd 
itnlf,  then  the  nnit  of  force  is  the  aiiaotule  utiit;  and  the  weight  of 
the  Btandard  in  each  unite  ia  expressed  by  tf;  for  ff  is  the  velocity 
which  a  botl/s  own  weight,  acting  nnbalanced,  impreMes  on  it 
in  a  eeconiL  This  ia  the  system  employed  in  many  scientific 
writings,  and  in  paiiicolar,  in  Thomson  and  Tait's  SaiuTcd  PkUo- 
tophy.  It  baa  great  advantages  in  a  scientific  point  of  viewj  but 
ita  use  in  calculations  for  practical  purposes  would  be  inconvenient, 
because  of  the  prevailing  custom  of  expressing  forces  in  tenna  of 
the  standard  of  weight 

378.  RoMdtut  aad  Cmm.r*mtmX  Vwcm— Their  HbcbHbAc. — ^The 
Kescuast  of  any  combination  of  forces  applied  to  one  body  is  a. 
nngle  force  capable  of  InianciDg  that  single  force  wliich  balances 
the  combined  forces;  that  m  to  say,  the  reimlUnt  of  the  combined 
fbnes  b  equal  and  directly  opposed  to  the  force  which  balances  the 
eombined  forces,  and  is  equivalent  to  the  combined  forces  so  far  as 
the  balance  of  the  body  is  concerned.  The  combined  forces  are 
oilled  componmU  of  their  resultant. 

^e  resultant  of  a  set  of  mutually  bahmced  forces  b  nothing. 

He  maffnitiitki  and  directions  of  a  resultant  force  and  of  its  com- 
pooeata  arc  related  to  each  other  exactly  in  the  same  manner  with 
the  velocities  and  directions  of  resultant  and  component  motions; 
aad  jJl  the  rules  of  Article  41,  pages  16  to  21,  are  applicable  to 
ibtces  aa  well  as  to  motions,  and  need  not  be  repeated  here. 

Aa  to  the  poaUion  of  the  resultant,  if  the  components  act  through 
ooe  point,  the  resultant  acts  through  that  point  abio;  but  if  the 
components  do  not  act  through  one  point,  the  position  of  tbo 
rcAiltajit  is  to  be  lound  by  methonls  which  will  be  stated  farther 

The  following  are  additional  rules  aa  to  resultant  and  oomponenb 
Uacea  not  eiplidtly  pvcn  in  Article  41  : — 

I.  If  the  component  forces  act  along  vne  line,  all  in  the  same 
4irectioD,  their  resultant  ia  etjnal  to  their  sum;  if  some  act  in  one 
diivetwm  and  some  in  the  contrary  direction,  the  resultant  ia  their 
tdgebraioal  aum;  that  is  to  say,  add  together  acparately  the  forces 
VBI^  act  in  the  two  contrary  directions  respectively ;  the  difference 
of  tlw  two  sums  will  be  the  amount  of  the  resultant,  and  ita 
dncrtMB  will  be  the  same  with  that  of  the  forces  whose  sum  ia 
tha  greatCT.  This  principle  applies  also  to  the  nagtatuda  and 
^reiian*  of  parallel  forces  not  acting  in  one  line. 

II,  TVian^  of  Forea. — Given,  the  directioni  of  three  tnou 
wfaidi  bdaoce  each  other,  acltng  in  one  plane  imd  ibroa^ 


I 


I 
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point ;  construct  a  triangle  'whose  sides  make  the  same  angles  with 
each  other  that  the  directions  of  the  forces  do;  the  proportions  of 
the  forces  to  each  other  will  be  the  same  with  those  of  the  cor- 
responding sides  of  that  triangle.  Unless  three  forces  act  in  one 
plane  and  through  one  point,  they  cannot  balance  each  other. 

To  solve  the  same  question  by  calculation;  let  A,  B,  C,  stand 
for  the  magnitudes  of  tiie  three  forces;  A  0  B,  B  O  C,  C  O  A,  for 
the  angles  between  their  directions;  then 

8inBOC:sinCOA:8inAOB::A:B:C. 

Each  of  those  three  forces  is  equal  and  opposite  to  the  resultant 
of  the  other  two. 

III.  Polygon  of  Forces, — To  find  the  resultant  of  any  nnmher 
(Fp  F^  F3,  kcy  fig.  224),  of  forces  in  different  directi<ui8,  acting 
througb  one  point,  O.  Commence  at  the  point  of  applicatioii,  and 
construct  a  chain  of  lines  representing  the  forces  in  magnitude^ 
and  parallel  to  them  in  direction,  (0  A  =  and  ||  F,,  A  B  s  and 
]|  Fj,  B  C  =  and  ||  F3,  <fea}    Let  D  be  the  end  of  that  chain;  join 

O  D ;  this  will  represent  the  reqinred 
resultant;  and  a  force  (F^  equal  and 
opposite  to  O  D  will  balance  the  giTsn 
forces.  This  rule  applies  to  the  f/rth 
jections  of  the  forces  on  any  giTsn 
plane. 

To  solve  the  same  question  by  cal- 
culation instead  of  by  construction : — 
IV.  (When  the  forces  act  in  om 
plaru.)  Assume  any  two  directions  at  right  angles  to  each  other 
as  axes ;  resolve  each  force  into  two  components  (X,  Y)  along  those 
axes;  take  the  resultants  of  those  components  along  the  two  axes 
separately  (]S  X,  S  Y);  these  will  be  the  reetangwar  componaUi 
o/the  resultant  "R  of  all  the  forces;  that  is  to  say, 


Fig.  224. 


r=.y/{(2^)*  +  (^^'}' 


and  if  «  be  the  angle  which  R  makes  with  X, 


2X     . 

cos  «  =  -±r>  sin  •  = 

XV 


2Y 


y.  (When  the  forces  act  in  different  planes,)  Amuw»  W 
three  directions  at  right  angles  to  each  other  as  axes;  resolve  cm 
force  into  three  components  (X,  Y,  Z)  along  those  axes;  take  tht 
i^ftultants  of  the  coni[)onents  along  the  three  axes  separately  ^  X. 

Y,  2  Z);  these  will  bo  the  rectangxdar  comixmenlts  ly 
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oJaO.  tA«  Jones;  and  its  magaitude  and  direction  will  be  given  hf 
tiie  foUowing  equations: — 


R  ' 


B" 


S79.  CMirlr*- — In  fig.  225,  let  F,  F  represent  a  conple  of  etjoal, 
parallel,  and  opposite  forces,  applied  to  a  rigid  body,  and  not  acUag 
in  tlie  same  line ;  L,  tbe  perpeDdicular 
distance  between  their  lines  of  action; 
then  F  is  tbe  force  of  tbe  conpte,  L  the  , 
ami,  tpan.  or  Uverage:  and  the  product  tT  y 
ferce  X  leverage  '=  F  L  is  tbe  etotical 
motnmt  of  the  couple,  which  is  right  or 
left-bandctl  according  as  the  couple  tends 
to  impresK  right-linnded  or  left-handed 
rotation  on  the  body  (Article  48,  page  25),  All  the  forces  which 
jnoduce  and  reaist  the  motion  of  rotating  pieoes  in  a  machine 
act  in  couples.  Couples  of  equal  moment  acting  in  the  same 
dircx^ion  and  in  tbe  same  plane,  or  in  parallel  planes,  are  e^uivaletA 
to  each  other. 

Companion  of  Measures  ofSta&xd  MomenL 


T1g.3!ii. 


Didi-]b.  = 0-OII53I 

la  =         I    Ft-lb.  = 0-138354 

113  B         9i  ~       I  Inch-cwt.  = i'a9037 

*i344  =      '"     =     13  =     I    Footcwt  = 154844 

9,340  =      1863  =     20  =     ig  =     1  Inch-ton  =■ ......  3S'8o74 

:  2,340    =  340  =30    =13  =  1  Foot-ton  =y>g-6%g 

\  X  To  find  the  resultant  moment  of  any  number  of  couples 
"  ig  on  a  rigid  body  in  the  eame  plane,  or  in  parallel  planes. 
1  the  sums  of  the  right-handed  and  left-handed  moments 
rately ;  the  difference  between  those  sums  will  be  tbe  reanlt- 
t  moment,  which  will  be  rigbt-banded  or  left-handed  according 
3  the  direction  of  the  moments  whose  sum  is  the  greater, 
^  JJ.  To  represent  the  moment  of  a  couple  by  a  single  line.  Upon 
i  perpendicular  to  the  plune  of  the  couple,  set  off  a  length 
ional  to  the  moment  {0  lii,  fig.  225),  in  such  a  direction 
I;  to  a  spectator  looking  from  U  towards  M  the  couple  shall 
1  right-handed.  The  line  O  M  is  called  the  axis  of  the  couple. 
ODpile*  as  represented  by  their  axes  are  compounded  and  re- 
^ed   liko  velocities,  and  like   single  forces,  by   ttie  '&'\A«&  (it. 


I 
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Fig.  226. 


Article  41,  pages  18  to  21,  and  by  tboae  of  Artide  278,  page 
319. 

IIL  To  find  the  redaltant  of  a  single  force,  F,  applied  to  a  rigid 
body  at  O,  and  a  conple,  M,  acting  on  the  same  body  in  the  same 

or  in  a  parallel  plane.  Conceive 
the  force  F  to  be  shifted  iu 
that  plane,  parallel  to  itself,  to 
the  left  if  the  couple  is  right- 
handed,  to  the  right  if  the  couple 
is  left-handed,  through  a  dis- 
tance, O  A,  fovmd  by  diTiding 
M  by  F.  The  shifted  sii^ 
force,  F  acting  through  A,  will 
bo  the  resultant  required. 
(The  combination  of  a  sin^ 
force  with  a  couple  acting  in  a  plane  perpendicular  to  the  line  of 
action  of  the  force  cannot  be  farther  simplified) 

lY.  To  i*esolve  a  single  force  into  a  single  force  acting  in  a  dif- 
fSorent  but  parallel  line,  and  a  couple.  In  fig.  227,  let  F  be  the 
gnren  force  acting  in  the  line  E  D,  and  B  a  gi^en  point  not  in  £  D. 
Through  B  conceive  a  pair  of  equal  and  contrary  forces  to  act  in 
a  line  parallel  to  £  D;  viz.,  +  F  equal  to  F  and  in  the  same 

direction ;  and  —  F  equal  to  F  and  in  the  con- 
trary direction;  also,  let  fall  B  A  perpendicular 
to  £  D.  Then  the  original  force  F  acting  throu^ 
A  is  resolved  into  the  equal  and  parallel  force  F 
acting  through  B,  and  the  couple  of  forces  F  and 
—  F,  with  the  arm  A  B  and  moment  F  x  A  B; 
which  couple  is  right  or  lefb-handed  according  as 
B  lies  to  the  right  or  left  of  F,  relatively  to  a 
^  spectator  looking  in  the  direction  towards  which 
Facts. 

F  X  A  B  is  called  tlie  moment  of  the  font  F 
rdativdy  to  the  point  B;  or  relatively  to  the 
axis  O  X  traversing  B  in  a  direction  papea- 
dicular  to  the  plane  of  F  and  A  B;  or  rsktivily 
to  a  plane  teiversing  B  perpendicularly  to  A  & 
1  Fmcm.— L  To  find  the  resultant  of  two  paraU 
forces.  The  resultant  is  in  the  same  plane  with,  and  paialkl  toy 
the  components.  It  is  their  sum  or  difference,  according  as  thej 
act  in  the  same  or  contrary  directions ;  and  in  the  latter  ous  Hi 
direction  is  that  of  the  greater  componenl  To  find  its  lias  sf 
action  by  construction,  proceed  as  follows : — Fig.  228  rqpraHBtH( 
the  case  in  which  the  components  act  in  the  aaaa  dirselMiir  fi^ 
^^  that  in  which  they  act  in  contrary  directioBSL  Let  A  D  aw 
B  be  the  components.    Join  A  £  and  B  D,  ontlmg 


Kg.  227. 
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in  F.     In  B  D  (produced  in  fig.  229)  take  E  G  =  D  F.    Tliroiigh 
G  draw  a  line  parallel  to  the  components;  tliia  will  be  the  lino  of 


I  of  the  I'esultant  To  6nd  its  inaguitude  by  construction; 
!  to  A  E,  draw  B  0  and  D  H,  cutting  the  line  of  action 
>  resnltant  in  C  and  H;  0  H  will  represent  the  i-esultant 

a  force  equal  and  opposite  to  C  H  will  balance  A  D 

n  find  the  line  of  action  of  the  resultant  hy  calculation;  maka 
ADDB         -,„       BEDB 


rDG. 


CH 


:  "Wlieii  Hke  two  siTen  parallel  forces  are  opposite  and  equal,  they 
^    B  ft  oonple,  ancfhave  no  single  resultant. 
",    To  find   the    relative   proportions  of 
« |«nltel  forces  which  balance  each  other, 
ig  in  one   plane :   their  lines  of  action 
g  given.    AcnMa  the  three  lines  of  action, 
f  convenient  position,  draw  a  straight  fr 
k  C  B,  fig.   230,  and  measure  tbu  dis- 
R  b«twe«n  the  points  where  it  cuts  the 
Then  each  force  will  be  pro- 
I  to  the  difitance  between  the  lines 
n  of  the  other  two.     The  direction  of 
c  force,  C,  b  oontrary  to  that  of  tlio 
«tfcvr  two  forom,  A  and  K 

Ib  arrabols,  let  A,  B,  and  C  be  tbo  force*;  then, 


Fii.2M. 
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Fig.  231. 


Rg,  232. 


A+B  +  C  =  0;AB:BC:CA::C:A:B. 

Each  of  the  three  forces  b  equal  and  opposite  to  tie  remltm  of 
the  other  two;  and  CAcb  pair  of  tixzra  ait 
eciual  and  opposite  to  the  compoDeiria  of  ibr 
third.  Hence  this  rule  scrvi-a  to  rtwl"  ■ 
given  force  into  two  parallel  compoonib 
ucting  ia  given  lines  in  the  same  plaiw. 

III.  To  linU  the  relative  proportiomrffc* 
jKirallel  forces  which  balance  c«ch  other,  Mt 
ucting  in  one  plane:  their  lines  of  actjcalnf 
given.  Conceive  a  plane  to  cro«  ti»e  linnii 
action  in  any  convenient  position ;  aoJ  ta 
tig.  231  or  fig.  232,  let  A,  B,  C,  D  ivpnamt 
the  points  where  the  four  liuea  of  action  cnt  the  plftoe.  Dta*  tk 
j^  six  strai;;ht  lines  joining  those  four   jniaU  tn 

pairs.     Then  the  force  which  acts  thr<iagb  «k1 
]x>int  will  be  proportional  lo  the  area  of  the  triaafW 
^B  fonued  by  tlie  other  three  points. 

In  fig.  231  tlie  directions  of  the  forces  at  A  K 

Aud  C  are  the  same,  and  are  contrary  to  thai  iJ 

the  force  at  D.     In  fig.  232  the  forces  at  A  aixl  I' 

net  in  one  direction,  and  those  at  B  and  C  ta  ik 

contraiy  direction. 

In  symbols, 

A  +  B  +  C  +  D=0; 
BCD:CDA:DAB;ABC 
:  :  A  r  B  :  C  :  D. 
Each  of  the  four  forces  is  equal  and  opposite  to  the  i 
of  the  otbcr  three;  and  each  set  of  thi'ee  forces  are  equal  I 
opposite  to  the  conijxinenta  of  the  fourth.  Hence  the  mlcH 
to  resolve  a  force  into  three  ]iamtltl  components  not  acting  mt 
plana 

IV.  To  6ud  the  Retu/tanto/anj/numUr  of  PamOet  Tomt.   I 
the  magnitude  and  direction  of  the  resultant  take  the 
sum  of  the  com]>onenta  aa  if  they  acted  along  one  line 
27S,  page  319).     This  may  be  denotes!  by  R  =  2  F. 
position  of  the  resultant  proceed  as  follows: — In  any  p 
pendiculai-  to  the  lines  of  action  of  the  i>arallel  forces  ti  ' 
qfmommtt  in  any  convenient  position.     JIultiply  each  o 
force  (F)  by  its  iierpendicular  distance  (x)  from  that  a 
obtain  its  moment  (f  z)  relatively  to   the   axia.      Mark  I 
moments  as  positive  or  negative  according  to  the  directioo  in  ^ 
they  tend  to  torn  l\ie  body  to  which  they  are  applied  afac  ' 
Axisj  and  take  Uieii  a\2e\ivKkc^s<»o,'«\»R,\i.wilt  be  tber 
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i7urmml{il  =  Z-Fz).     Divide  tlieicsaltsBtn 
:LUt  furce;  the  qnotJcDt  viD  be  Oie  pefpat£a 
liae  oi  action  of  the  resullAat  ftom  tlw  axil  oCa 
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"Hie  algebiweal  si^  of  this  dirtuice  vil]  indicate  ita 

Take  another  axis  of  momeDta  in  the  Hune  pUne,  and  pcr- 
{>andicii]ftr  to  the  first  axis;  and  Ij  a  similar  operation  find  thtt 
peipeuflicular  distance  of  the  resoltast  from  the  secood  axia. 
Tbe   po&ition   of  the  resultant  wilt  tbett  be  completely  deter- 

If  R  =  0,  the  resattADt  is  a  couple.  If  M  =  0,  the  line  of 
action  of  the  resaltaat  traverses  the  axia  ot  Toomvais. 

2t<l.  «»*«■*'  CnriUi— nMilMw— DMUtT— MHlklBMh — L  SpK^ 

GravUy  is  the  ratio  of  the  weight  of  a  given  bulk  of  a  giren  aab- 
rtanft  to  the  weight  of  the  same  bulk  of  pure  water  at  a  staitdard 
teanpeiatare.  lu  BritAin  the  ttaudard  tetnperatore  in  d'!"  Fahr.  := 
16*'V7  Cent.  In  France  it  is  the  temperature  of  the  iwavimnn 
dMuity  of  water  =  3°-94  Cent  =  Sri  Fahr. 

In  rising  from  39°-l  Fahr.  to  GT  Fahr,  pure  water  expands  in 
the  mtio  of  1-001118  to  1 ;  but  that  dlffercDCo  is  of  no  conaeqnenoe 
in  oiIculatioDS  of  specific  gravity  for  engineering  purposes. 

II.  The  HeavineM  of  any  substance  is  tho  weight  of  an  nnit  cf 

wluine  of  it  iu  unita  of  weight     In  Britisli  raeasares  heavineGS  ia 

■oat  conTeniently  expressed  in  lbs.  aeoirdupou  la  the  cabiefoot;  in 

I  Wench  measures,  in  ^i^o^rafflinefto(A«eu^<bcuRffre  (or to  ijie  litre). 

IHie  Talaes  of  the  heaviness  of  water  at  39''!  Fahr.,  and  at  62° 

I  Tltbr.,  are  respectively  62*25  and  62-355  lbs.  to  the  cubic  foot 

UI.  The  Deiuiti/  of  a  substance  is  either  the  number  of  units  of 

in  an  unit  of  volume,  in  which  case  it  is  equal  to  the  he&vi- 

—or  the  ratio  of  the  masi  of  a.  given  volume  of  the  substanoo 

b  the  mass  of  au  equal  volume  of  «-ater,  in  which  case  it  is  equal 

b  the  specific  gravity.     In  its  application  to  gatet,    the  term 

pDenaity"  in  often  used  to  denote  the  ratio  of  Uie  heavinen  of « 

pvn  gas  to  thflt  of  air,  at  the  same  temperature  and  pressure. 

IV.  The  BiUiinetg  of  a  substance  is  the  number  of  units  of 

e  which  an  unit  of  weight  fills;  and  is  the  renpncat  ofOm 

In    British    measures    bnlkioess  ia    mofit  conveniently  • 

aifvbie  fed  lo  the  lb.  avoiniupoU ,-  in  French 

B  atiMc  decimrlrei  (or  in  litreu)  to  ifie  kilor/ramToe. 

Bisa  of  tem|>eratiire  produces  (with  certain  exceptions) 
llkinpst.  The  following  arc  examples  of  rates  of  expansion  in  bnll^ 
I  naing  from  the  freezing  to  the  boiling  point  of  watej;  that  is 
"  u  tf*  Cent  or  32°  Fahr.,  to  100°  Cent,  or  212°  Fahr.  TheUiiBtt 
n  of  a  solid  bod;r  is  ose-tiiird  of  its  expuiUQU  uv  ^niUb. 
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Perfeei  gueB,  0*365 ;  air  si  ocdiDaij  piCMBurM,  0*366  ;  watav 
04^775;  sfxirit  of  wine,  0*1112;  mevciny,  0*018153;  oil,  linwed 
and  olm,  0*08 ;  wrought  iron  and  steel,  0*0036 ;  caatixon,  0*0033; 
copper,  0-0055 ;  bronze,  0*0054;  brass,  0*0065 :  brick,  common, 
0*0106 ;  fire-brick,  0*0015  ;  glasB,  00027. 

Tjjilb  of  Hjutinbs  axd  Scbcivio  Gka^tht. 

foocim 


dlSEi,  at  33°  Eahr.,  and  xmder  one  atmosphere : —  ^ 

Air, 0-080728 

Oarbonic  add, 0*12344 

Hydrogen, 0*005593 

Oxygen, 0*089256 

Nitrogen, ox>78596 

Steam  (ideal), ox>5022 

lilQunM,  at  32^  Fabr.  (except  Water,        ^'^'^t*^  ^f^ 

which  is  taken  at  39°'!  Fahr.) : —        ite.  ATotrdnpaiaL  poSinSr sl 

Water,  pure,  at  39''ir 62*425  i-ooo 

„      sea,  ordi]^Bkiy, 64-05  1-026 

Alcohol,  pure, 49*38  0791 

„         proof  spirit, 57*i8  0-916 

-^ther, 4470  0716 

Mercury, 84875  13596 

Naphtha, 52*94  0-848 

Oil,  linseed, 58-68  0-940 

v    olive, 57-12  0-915 

„    whale, 57-62  0-923 

„    of  turpentine, 54*3i  0-870 

Petroleum, 54'8i  0-878 

Solid  Mineral  Substances,  non-metallic : — 

Brick, 125  to  135  2  to  2-167 

Brickwork, 112  i*8 

Coal,  anthracite, 100  i'6oi 

„     bituminous, 77*4  to  89-9  1*24  to  1*44 

Coke, 62-43  to  103-6  i-oo  to  1^6 

Glass,  crown,  average, 156  2-5 

»     flint,           „       187  3t} 

„      green,         „       169  27 

„     plate,          „       169  27 

Granite...... 164  to  172  2*63  to  276 

Limestone  (including  marble),      169  to  175  27  to  2'g 

„          magnesian, 178  2*86 

^/^ABomj, 116  to  144  1-85  to  a-j 
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I    MlITERAI,   BPBfftANCIS,  noo-  Welfihi^t  o^f nblo            ^^"^ 

inetallio — oemtintUtL  Ibi.  molnluprtj.  pura  ir»i8r'  =  I. 

Mortar, 109  175 

Bund  (damp), iiS  i'9 

„     (dry), 886  1-43 

Sandstone,  &vcT&ga, 144  z'3 

„          various  kinds, 130  to  157  208  to  asa 

HkIls,  solid: — 

Braw,  cast, 487  to  524'4  J-8  to  8-4 

«      i*ii«i 533  854 

SroBK, 524  84 

^Copper,  cMt, 537  8-6 

sheet, 549  88 

haminered, 556  S'p 

loid 1186  to  1224  19  to  19-6 

won,  cast,Tarions 434  ^  45^  6'95  to  73 

„        average, 444  7-11 

I,  wTOugtt,  various, 474  to  487  7iSto  78 

aTerage, 480  769 

7"  "^ 

I3II  to  1373  21  to  22 

655  »05 

487  to  493  78  to  79 

4515  to  468  T3  to  75 

424  to  449  6'8  to  7'3 

47  0753 

■boo. 35  04 

43  o'69 

60  096 

34  0*544 

:  S«d  Pine, 30  to  44  048  to  07 

^rnoe, 30  to  44  048  to  07 

American  TeUow  Fine,  29  0-46 

I^Kch 31  to  35  o  ;;  to  056 

loy,  Houduraa, 35 

Spanieb, 53  0-85 

431062  0-69  to  o '99 

'.Red, 54  0-87 

41  to  r,5  o'66  to  0-88 

25  0'4 

50  08 

■  "Ckehee  ia  every  onae  i*  rai^wMd  to  \m  dry. 


328 


DYNAMICS  OF  MJLCHnnERT, 


Weight  of  Cubes,  Kods,  Plates,  Bars,  akd  Sphebxel 


Cubic 
Inch. 

lbs. 

Brass,  cast,  average, ...  02 98 

„     wire, 0*308 

Bronze, 0303 

Copper,  sheet, 0*318 

„  hammered,....  0*322 
Iron,  cast,  average,....  0257 
Iron,  wrought,  average,  0278 

Lead, 0*412 

Steel,  average, 0*283 

Tin,  average, 0*267 

Zinc,  average, 0*252 


B. 

Bound 

Bod, 

1ft  long 

lin.  diam. 

lbs. 
2-8l 
2*91 

2*86 
2*99 

303 
2*42 

2*62 

3-88 

2*67 

2*52 

2-38 


c. 

SquuB 

Iftxl 
in.xlin. 

Bm. 
358 
370 
3*64 

3-8i 

386 
308 

3  33 
4*94 
340 

3*21 

303 


D. 

Plate, 

IftxlfL 

xlin. 

Bm. 

430 

44*4 

437 

4575 

463 

370 
40*0 

593 
40*8 

385 
363 


Cnbto 
foot. 

Bm. 

5i<5 

533 

524 

549 

556 

444 
480 

712 

490 

462 

436 


F. 
lindi 


0-156 
0*162 
0159 
0*166 
0*168 

0134 
0-146 

0'2l6 

0-148 

0*140 
0-132 


282.  Centre  of  oniTiir— iHoiiieBt  of  Weight.— BuLE  L — ^The  centre 

of  gravity  of  a  body  of  uniform  heaviness  is  its  centre  of  magnitade^ 
(S^  supplement  to  this  Chapter,  page  334.) 

BuLE  IL — ^To  find  the  moment  of  a  body's  weight  relatively  to 
a  given  plarie  0/ moments  ;  multiply  the  weight  by  the  perpendioilir 
distance  of  the  body's  centre  of  gravity  from  the  given  plane. 

Note. — In  comparing  together  or  combining  the  momenti  of 
weights  which  lie  some  at  one  side  and  some  at  the  other  side  of  a 
plane  of  moments,  those  moments  are  to  be  distinguished  into 
positive  and  negative,  according  to  the  sides  of  the  plane  at  whidi 
the  weights  lie. 

BuLE  III. — To  find  the  common  centre  of  gravity  of  a  set  of 
detached  bodies;  find  their  several  moments  relatively  to  a  con- 
venient fixed  plane ;  find  the  resuUatU  of  those  moments  by  adding 
together,  separately,  the  positive  and  negative  moments,  and  taking 
the  difference  between  the  two  sums,  which  will  be  positive  or 
negative  according  as  the  positive  or  negative  sum  is  the  greater. 
Divide  that  resultant  moment  by  the  total  weight ;  the  quotieBt 
will  be  the  perpendicular  distance  of  the  common  centre  of  gravity 
from  the  fixed  plane ;  and  its  positive  or  negative  sign  will  uowai 
which  side  of  the  plane  that  centre  lies.  If  necessaiy,  repmt  tht 
same  process  for  a  second  and  a  third  fixed  plane,  so  as  to  delsr* 
mine  the  position  of  the  required  centre  completely.  The  two  or 
three  planes  (as  the  case  may  be)  are  usually  taken  perpendioahr 
to  each  other. 

BuLE  lY. — To  find  the  centre  of  gravity  of  a  body  consiakiii^  of 
parts  of  unequal  heaviness;  find  separately  the  eentrea  of 
part^  and  treat  them  as  detached  w^ghta  by  BxJm  UL 
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■HR  in  ft  plane   surface  is  the  point 
C  of  a  preeaure  that  is  exerted  at  that 


283.  The  c«tr.  .r  Pr 

traversed  by  the  resultai 

BuLE. — Conceive  that  upon  the  pressed  surface  as  a  base,  then 
ttands  a  prismatic  solid  of  a  height  at  e^ch  poiut  of  that  iur&c« 
proportiouul  to  the  intensity  of  the  pressure;  the  point  in  the 
pressed  surface  at  the  foot  of  a  perpendicular  from  the  centre  of 
magnitude  of  the  solid  (see  supplement  to  this  Chapter)  will  be  the 
centre  of  pn-SMiire. 

When  the  inteneity  is  uniform,  the  centre  of  pressure  is  at  the 
onUre  qftnagniiade  of  the  pressed  surface. 

284.  The  CntrearBaaTaHcrof  a  solid  wholly  or  partly  immersed 
in  a  liquid  is  the  centre  of  gravity  of  the  mass  of  Uquid  displaced. 
The  resultant  pressure  of  the  liquid  on  the  solid  ia  equal  to  the 
weight  of  liquid  displaced,  and  is  exerted  vertically  upwards 
through  the  centre  of  buoyancy. 

285.  The     RcnIimBi    9f    BDittrllMUd    Farco. — L    To  find  the 

multant  of  a  body's  weight;  find  the  centre  of  gravity  of  the  hodyj 
tlte  resultant  will  be  a  aingle  force  equal  to  the  weight,  acting 
Tertically  downwards  through  the  centre  of  gravity. 

IL  To  find  the  resultant  of  a  pressure;  find  the  centre  of 
preBnire  (as  in  Article  2S3);  the  resultant  will  be  a  single  force 
cqnal  iu  amount  to  the  pressure,  and  acting  in  the  same  direction 
and  through  the  centre  of  pressure.  The  amount  of  the  preseure 
im  «qaal  to  the  area  of  the  pressed  surtace,  multiplied  by  the  foean 
y  of  the  pressure,  &nd  is  also  equal  to  the  weight  of  the 
_       y  prismatic  solid  mentioned  in  Article  263. 

StfC.  The  ■■■eariiy  af  FrnHre  is  expressed  in  units  of  wei|^t  OH 
the  unit  of  area:  as  pounds  on  the  square  inch,  or  kil<^r«mmea 
on  the  square  m^tre ;  or  by  the  height  of  a  column  of  some 
finid ;  or  in  atmosphere*,  the  unit  in  this  case  being  the  aTenge 
re  of  the  aimosphere  at  the  level  of  the  sea.     {Sec  Article 

.  PriBririn  RriBiiBK  M  Viu-<e4  viMiaB, — An  unbalanced  force 
1  to  n  body  produces  change  of  momentum  equal  in  amount 
f  and  coincidi:ut  in  direction  with  the  impulse  exerted  by  the 
JmpxUie  is  tlie  product  of  the  force  into  the  time  during 
h  it  acts  in  seconds-  Momentum  is  the  product  of  the  maaaof 
/  into  its  velocity  in  units  of  distance  per  second.  Aa  to  the 
^ta  of  force  and  of  mass,  see  Article  S7Ta,  page  318.  A  body 
CaTing  on  impulse  re-acte  against  the  body  giving  the  imtralse, 
"i  an  tqualaDd  opposite  impulse.  The  following  arerulea  faued 
k  the  equality  of  impulse  and  momentum ; — 
I  J.  To  find  what  impulte  is  required  to  produce  a  given  chsngft 
Ithe  velocity  of  a  ^veu  mass;  multiply  the  mass  by  tha  ' 
'  ■  ▼vlocatjr,  in  mute  ot  didUHie  per  aecoad. 


I 
I 
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(If  ihe  diange  oonsistB  in  aocelenttion,  the  impolw  muBt  be 
Ibxirard ;  if  in  retardation,  ba^ward.) 

IL  To  calculate  what  unbalanced  effort  or  unbalanced  reiift- 
anoe^  as  the  case  may  be,  is  required  to  produce  a  given  inofeaae  or 
diminution  of  a  body's  speed  in  a  gi^en  tune  or  in  a  given  diwtanre. 

Case  I. — If  the  time  is  giTen;  multiply  the  weight  of  the  masB 
by  itB  change  of  velocity;  divide  by  f,  and  by  the  tine  in  seconds. 

Oase  IL — ^If  the  diianee  im  given ;  mnltiidy  the  weight  of  the 
mass  by  the  change  in  the  half-square  of  its  velocHy,  and  divide  by 
g^  and  by  the  distance.     (For  values  of  ^,  see  page  318.) 

ILL  To  find  the  re-action  of  an  aooelenated  or  retarded  body; 
find  the  force  required  to  produce  the  change  of  TeHocity;  the 
re-action  will  be  equal  and  opposita 

The  momentum  and  re-^Mstion  of  a  body  of  any  figure  undeiqgoiDg 
tnmdaiion  are  the  same  as  if  its  whole  mass  were  ooncentrated  at 
its  centre  of  gravity. 

The  principles  of  this  and  the  following  Article  will  be  farther 
explained  and  exemplified  in  the  next  Chapter. 

288.  OeHMiecl  HatiMi  aiid  CoMriflMpal  Ferce. — ^To  make  a  body 

move  in  a  curve,  some  other  body  must  guide  it  by  exerting  on  it 
a  deviaUng  /orce  directed  towards  .the  centre  of  curvature.  The 
revolving  body  re-acts  on  the  guiding  body  with  an  equal  and 
opposite  centrifugal /area. 

To  find  the  deviating  and  centrifugal  foroe  of  a  given  mas 
revolving  with  a  given  velocity  in  a  circle  of  a  given  radras : — 
multiply  the  weight  of  the  mass  by  the  square  of  its  linear  vekMaty, 
and  divide  by  the  radius;— or  oUierwiie:  multiply  the  mass  by  the 
square  of  its  angular  velocity  of  revolution,  and  muUiplp  l^  the 
radius: — the  result  will  be  the  value  of  the  deviating  and  centri- 
fugal forces  in  absolute  units,  which  may  be  converted  into  nniti 
of  weight  by  dividing  by  g. 

The  rendUint  centrifugal  force  of  a  rigid  body  of  any  shape  is  tht 
same  in  amount  and  direction  (though  not  the  same  in  distribatioQ) 
as  if  the  whole  mass  were  collected  at  its  centre  of  gravity. 

288  A.  VaniBf  MmSimB, — ^The  following  rules  apply  to  a  body  M- 
ing  without  sensible  resistance  from  the  air : — 

I.  To  find  the  velocity  acquired  at  the  end  of  a  given  tiae; 
multiply  the  time  in  seconds  l^  g  (see  page  318). 

IL  To  find  the  height  of  fidl  in  a  given  time;  multiply  the 
square  of  the  time  in  seconds  by  4  ^  =  16*1  feet  =  4<904  mdtna 

III.  To  find  the  height  of  fall  ocMrrespondii^  (or  '^dne'^tos 
given  velocity;  divide  the  half-square  of  the  velooity  by  ft. 

lY.  To  find  the  velocity  due  to  a  given  height;  mwtiifif^ 
keight  by  2  g^  and  extract  the  square  root. 

Jia  s  8025  fed; «  4*429 
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Table 

or  HEiQHTa 

DUE  TO  Velocities. 

J 

•  = 

Velocity  in  feet  per  second. 

s  = 

Hei^t'in  feet  =  c*  ^  6*-4. 

■ 

Slii 

1  Ubie  is  exact  for  latitude  ^i^",  aii<l  nea 

r  oaoueh  to  exact-         H 

■  Jar  pnutical  purpoaeB  in  ol 

parts  of  the  eailh'a  a^irltux.                      ■ 

V 

h 

c 

h 

V 

h 

I 

■01553 

'7 

"■320 

54 

4S'28o 

» 

■o6aii 

28 

II-I74 

56 

48-695 

3 

■13975 

29 

13-059 

58 

52-a35 

A 

■>4845 

30 

13975 

60 

55-901 

S 

■388.0 

3' 

14-923 

62 

59-688 

6 

■53901 

3» 

15-901 

64 

63602 

•76087 

3  J. J 

16-100 

64-4 

64-400 

■99379 

33 

16910 

66 

67-640 

9 

I -1578 

34 

17-950 

68 

71-800 

»-q5J8 

19023 

70 

76087 

•J 

,-8789 

36 

20-I24 

72 

80-496 

ta 

>-.36o 

37 

a  1-257 

74 

85029 

Q 

3-6341 

38 

22-423 

76 

S9-688 

■4 

30433 

39 

23-6,8 

78 

94-473 

V 

3^4938 

40 

24-845 

So 

99-379 

£ 

3-97  5> 

41 

26-103 

82 

104-41 

■z 

44876 

4* 

27-391 

84 

10956 

ft 

5-03  n 

43 

38-711 

86 

,14-84 

9 

5-6056 

44 

30-062 

88 

130-25 

e 

6^113 

45 

3' -444 

90 

1J578 

v 

6-8478 

46 

3'^857 

93 

'3'43 

a 

7S"5S 

47 

34-301 

94 

137-20 

3 

8-2.43 

48 

35776 

96 

i43'>o 

!« 

8-9441 

49 

37  ■=83 

98 

149-13 

■ 

97050 

50 

38-830 

100 

155-28 

10-497 

S 

5J 

41-987 

t 
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Fig.  233. 


whicli  breadths  will,  of  course,  be  one  more  in  number  than  the 
intervals.  (For  example,  in  fig.  233,  the  length  of  the  figure  is 
divided  into  ten  equal  intervals,  and  eleven  breEtdths  are  measured 
at  bo,  &p  &C.)  Then  the  following  roles  are  exact,  if  the  mdes 
of  the  figure  are  bounded  by  straight  lines,  and  by 
parabolic  curves  not  exceeding  the  third  d^ree,  and 
are  approximate  for  boundaries  of  any  other  fignrea 
9  HuLE  A.  {'*  Simpson's  First  HtUe,'  to  be  uaed 
^  when  the  number  of  intervals  is  even.)— Add  together 
^  the  two  endmost  breadths,  tunce  every  second  inter- 
mediate breadth,  Aud/our  times  each  of  the  remain- 
ffg  ing  intermediate  breadths;  multiply  the  sum  fay  the 
^6^  common  interval  between  the  breadths,  and  divide  by 
3 ;  the  result  will  be  the  area  required. 

For  two  intervals  the  multipliers  for  the  breadths 
are  1,  4,  1 ;  for  four  intervals,  1,  4,  2,  4,  1 ;  for  six 
intervals,  1,  4,  2,  4,  2,  4,  1 ;  and  so  on.  Tliese  are 
called  '*  Simpson*s  Multipliers." 

Rule  B.  {**  Simpson's  Second  Rtde^^  to  be  used 
when  the  number  of  intervals  is  a  multiple  of  3.) — 
Add  together  the  two  endmost  breadths,  twice  every  third  inter- 
mediate breadth,  and  thrice  each  of  the  remaining  intermediate 
breadths;  multiply  the  sum  by  the  common  interval  between  the 
breadths,  and  by  3;  divide  the  product  by  8;  the  lesolt  will  be 
the  area  required. 

'' Simpson's  multipliers''  in  this  case  are,  for  three  intervals^ 
1,  3,  3,  1;  for  six  intervals,  1,  3,  3,  2,  3,  3,  1;  for  nine  interval^ 
1^  3,  3,  2,  3,  3,  2,  3,  3,  1;  and  so  on. 

HuLE  C.  ('<  MtrrifieUJCs  Trapezoidal  Rule,''  for  calculating  sna- 
rately  the  areas  of  the  parts  into  which  a  figure  b  subdivided  uf 
its  equidistant  oi*dinates  or  breadths.) — Write  down  the  breadtii 
in  their  order.  Then  take  the  differences  of  the  successive  breadthi^ 
distinguishing  them  into  positive  and  negative  according  as  the 
breadths  are  increasing  or  diminishing,  and  write  them  of^poole 
the  intervals  between  the  breadths  Then  take  the  diffewpoei 
of  those  differences,  or  second  differences^  and  write  them  oppooto 
the  intervals  between  the  first  differences,  distinguishing  them  ial^ 
positive  and  negative  according  to  the  following  principles  :«- 

Fint  Differences.  Second  DUIenaoa 

Positive  increasing,  or  )  p    ... 

Negative  diminishing,  j  ^^  ^^ 

N^;ative  increasing,  or  )  -\r      4^ 

Positive  diminishing,    / JNegattva 

he  column  of  second  differences  there  will  now  be  two  hkahB 
R'te  the  two  endmost  \)teadthB'|  those  blanks  are  to  bo  filMif 
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with  nnmbers  each  forming  an  arithmetical  progresstion  with  tho 
two  adjoining  secoDd  differences  if  these  are  unequal,  or  equal  to 
them  if  they  are  equal. 

IHvide  each  second  difference  by  12;  this  gives  a  correction, 
which  is  to  be  suUraeUd  tVoni  the  breadth  opposite  it  if  the  second 
difference  is  ponilioe,  and  added  to  that  breadth  if  the  second 
ditference  ia  negative. 

Then  to  find  the  area  of  the  division  of  the  figure  contained 
between  a  given  pair  of  ordjnates  or  breadths;  midtiplij  tlit  half 
rum  of'  Oie  corrected  breadtfu  by  /Ae  inierval  between  litem. 

The  area  of  the  whole  figure  may  be  found  either  by  adding 
togrthor  the  areas  of  all  its  divisions,  or  by  adding  together  the 
kaJvcs  of  the  enduiost  corrected  breadths,  and  the  wiiole  of  the 
inl«miediat«  breadths,  and  multiplying  the  sum  by  the  common 
iitt«T\'aI 

In  symbob,  let  y  be  an  actual  breadth,  and  y'  the  corresponding 

eomcted  breadth  ;  tlieu  y'  =  y  —  f;.  A'  y. 

RotB  D.  ("Common  Trapesoidal  Hule,"  to  be  used  when  a 
nmgfa  approximation  is  siifijcient.) — Add  together  tlie  halves  of  the 
radmost  breadths  and  the  wb^Ie  of  the  intermediate  breadths,  and 
multiply  the  sum  by  the  common  interval. 

S90.  To in>«Bn>ihtsV*iBa«iara>rSaiM.— Method  I.  Sy  Layers. 
— Choose  a  straight  axis  in  any  convenient  position.  (The  most ' 
oonvenient  is  usually  parallel  to  the  greatest  length  of  the  solid.) 
Divide  the  whole  length  of  the  solid,  as  marked  ou  the  axis,  into  a 
ooDTenient  number  of  equal  intervals,  and  measure  the  sectional 
■rea  of  the  solid  upon  a  series  nf  planes  crossing  the  axis  at  right 
angles  at  the  two  ends  and  at  the  points  of  division.  Then  treat 
tbooe  areas  as  if  thev  were  the  breadths  of  a  plane  figure,  applying 
to  them  Rnle  A.  B.'  or  C  of  Article  289,  jiage  332  ;  and  the  result 
of  the  calculation  will  be  the  volunie  required.  If  Itule  C  is  used, 
ibe  volume  will  be  obtained  in  separate  layers. 

Method  II.  B;/ FrisnuorColunxniC'  Woo/lei/a  Kvle"). — Assume 
a  plane  in  a  convenient  jHtsitton  as  a  buse,  divide  it  into  a  network 
M  equal  rectangidar  divisions,  and  conceive  the  solid  to  be  built  of 
a  aet  of  rectangular  prismatic  colnnins,  having  those  rectangnlar 
divisinna  for  their  sectional  areas.  Measure  tiie  thickness  of  the 
•olid  at  the  centre  and  at  the  middle  of  each  of  the  gidea  of  each  of 
thcne  n'ctnngulHF  columns;  add  together  the  doubles  of  all  the 
tliicknesaes  U-fore-mentioned,  which  are  in  the  interior  of  the  solid, 
atid  the  simple  thicknesses  which  are  at  its  bouudaries;  divide  the 
win  by  «wr,  and  multiply  by  the  area  of  one  rectangular  divis 
of  the  base. 

Til.    T*.^nnn<tlip  I^BKthBraMT  Carre — Divide  it  mto  kVoT^ 

aia,  aod  measure  each  of  thcat  by  £ul«  I  of  Artist  &\,  \ 
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292.   C«n  ml  MM^mmit     Vtrntwrnl   PHMtfla^By  U»  >!«» 

iNcIf  of  a  &gi]ra  is  to  be  nndeistood  its  length,  ana,  oc  nini^ 
Koonling  as  it  is  a  line,  a  soriace.  or  a  solid. 

Tbe  (kitlre  of  Magttittuig  t>t  ti  6gan>  is  a  point  sadi  tfa«i,  if  tla 
igaxv  be  divided  in  »ay  Msy  into  eqnal  parts,  the  diatasca  rf  tk 
centre  of  magnitade  c^  the  'whole  figure  from  asj  girai  jt 
the  mean  of  the  distances  of  the  centres  of  magnitade  of  ll 
equal  parts  from  that  plane. 

Tlie  Gtomelrieai  Moment  of  any  figure  relatrTelj'toagKM|lHt 
ia  the  prodnct  of  its  m^nitude  into  the  peqiendicniar  diMMt  d 
its  centi?  from  that  plane. 

L  Sym-metrieal  Fiffttrc — If  a  plane  divides  »  fignrt  iaM  »•» 
symmetrical  balT«a,the  centre  of  magnitade  of  the  ^nraliiaAu 
{danc;  if  the  figuie  is  symmetricaUy  divided  in  the  Vkt  ■■9^ 
by  two  planes,  the  centre  of  magnitude  is  in  the  line  when  l^ 
planes  cut  each  other;  if  the  figure  is  symmetricaOy  AfiW  :' 
three  planes,  the  centre  of  m^nitude  is  their  point  of  rnli™'*" . 
and  ifa  figure  has  a  omfreo/'j^rEt  (for  example,  acirefc^  a  iffrr- 
MD  dlipee,  an  ellipsmd,  a  parallelogram,  &c.),  that  poiflt  iaikeacr 
of  magnitude. 

ir,  Compound  Figure. — To  find  the  perpendicular  dialaMa^ 
a  ^ven  plaue  of  the  centre  of  a  componnd  figure  made  vf  tt  pi*-* 
vhose  centres  are  known.  Multiply  the  magnitude  of  «aA  ^^^ 
by  the  perpendicular  distance  of  its  centre  firom  the  giR*  ^i^ 
distinguish  the  products  (or  geometrical  momertU)  into  posttn  '* 
negative,  according  as  the  centres  of  theparta  lie  tooneaitsrtiC^ 
other  of  the  ))!ane;  add  together,  separately,  the  positiTa  mm^> 
and  the  Q^^ative  moments:  take  the  difference  of  the  two ara^w^ 
call  it  positive  or  negative  according  as  the  positire  er  aqv 
sum  is  the  greater;  this  is  the  rtmlUaU  momaU  of  tke  aamfnt^ 
figure  relatively  to  the  gii'en  plane;  and  its  being  poaUira  vao 
tire  shows  at  which  side  of  the  plane  the  required  c 
Divide  the  resultant  momeot  by  the  magnitude  of  the  c 
figure;  the  quotient  will  be  the  distance  required. 

The  centre  of  a  figure  in  three  dimensions  is  i 
finding  its  distances  from  three  planes  that  are  n 
('ther.     The  best  portion  for  those  planes  is  per^ 
t'lbcr;  for  example,  one  horizontal,  and  the  other  ti 
other  at  right  angles  in  a  vertical  line;     """  """ — 
tit'a  plane  Bgure,  its  distances  from  two  pi 
plune  of  the  figure  are  siifiicient. 

203.  rranv  •£  m  PIbbb  Ana.— To  find,  appCWdlBBtalf >  11 

of  any  plane  area. 

KuLE  A. — Let  the  plane  area  bo  that  represented  in  1^  S 
Article  289,  page  Zyiy    Draw  an  axis,  A  X,  in  a.  e 
/wsition,  divide  it  inW  etywi  \n.\«r«Ai,  v 


CEKTKB  or  il 


PLANE  AREA. 

I,  and  citluukUi  llio 
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I  uid  at  the  points  of  div 
&xtk]e289. 

Tb«n  mnltiply  ««ch  brcftdtli  b;  tti  distnncr  fnim  ono  «iul  nf  th« 
ud»  (*s  A)  i  consider  the  prodiicts  ita  it'  tlicy  wrm  the  lirvnilth*  of 
I  new  figure,  and  proceed  by  the  rulea  of  Artiule  2ti0  to  calciiUl* 
hm  uvm  of  thst  aev  figarc  The  result  of  the  oporabiou  will  b« 
Jke  gtotKiclrirai  moment  of  thu  original  figuru  I'olativeljr  to  a  pliuiii 
HMjuBitdkuW  to  A  X  at  the  point  A. 

thwiit  tb*  watnl  hjr  tbe  area  of  tbo  nrigiiinl  Kgnm;  tbn 
[■atimt  will  be  1km  ''t'-'t—  of  tho  Ctntre  RMjuired  fnim  the  [ilaus 
MpMfirahr  to  A  X  at  A- 
Xnw  •  MSMid  KUi  iwHWBrting  A  X  (tbo  mont  amvutikiit 
K  beng  in  gMcnl  f-T— ■*'— '-r  to  A  XJ,  and  by  a  limlUr 
p  of  meastiw  tnm  a  [dait*  perpenduttlar 
'  «  wU)  tliMi  bo 


I  mk  ^M  ef  ili  enda;  liie  omtM  « 


K— tfc 


t,  Am  iiatancc  of  tlie  nauJred  atatn 
H^_.^«taM  aftlw  iatansadiate  peiBtea< 
I  «f  «<  (a«  «f  ita  ««4i^  ni7  be  eanpBtod  aa  Mlmm  >— 

LAa  HMHtt  af  Ika  two  paKa  into  witttk  tiMfe 
fU  II.  *•  m^i^Unmtn  wiO  Ub  la  tU  Hrt 

i^fiya^^tetfcti«a  ill!  Iy*»»fcato— ^IfcawnMnl 


^^  A  X 
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292.  Ccatre  •£  Btogirffdto  Ggacmi  PgftMipi— ■  By  the  magni- 
tude of  a  figure  is  to  be  understood  its  lengtb,  area,  or  TolaiiM^ 

according  as  it  is  a  line,  a  surface,  or  a  solid. 

The  Centre  of  Magnitude  of  a  figure  is  a  point  such  th«t^  if  the 
figure  be  divided  in  any  way  into  equal  parte,  the  distance  of  the 
centre  of  magnitude  of  the  whole  figure  from  any  given  plane  is 
the  mean  of  the  distances  of  the  centres  of  magnitade  of  the  aevoal 
equal  parts  from  that  plana 

The  Geometrical  Moment  of  any  figure  relatively  to  a  given  plane 
is  the  product  of  ite  magnitude  into  the  perpendicnlar  ^^tftnrf  of 
its  centre  from  that  plane. 

I.  Symmetrical  Figure, — If  a  plane  divides  a  figure  into  two 
symmetrical  halves,  the  centre  of  magnitude  of  the  figure  is  in  that 
plane;  if  the  figure  is  symmetrically  divided  in  the  like  manner 
by  two  planes,  the  centre  of  magnitude  is  in  the  line  where  those 
planes  cut  each  other;  if  the  figure  is  symmetrically  divided  hj 
three  planes,  the  centre  of  magnitude  is  their  point  of  intenection; 
and  if  a  figure  has  a  centre  of  figure  (for  example,  a  circle,  a  sphere, 
an  ellipse,  an  ellipsoid^  a  parallelogram,  ^.),  that  point  ia  ita  centre 
of  magnitude. 

II.  Compound  Figure, — ^To  find  the  perpendicular  diatance  from 
a  given  plane  of  the  centre  of  a  compound  figure  made  np  of  puts 
whose  centres  are  known.  Multiply  the  magnitade  of  each  part 
by  the  perpendicular  distance  of  its  centre  from  the  given  plane; 
distinguish  the  products  (or  geometrical  moments)  into  poaitrre  or 
negative,  accordiDg  as  the  centres  of  the  parts  lie  to  one  aide  or  to  the 
other  of  the  plane;  add  together,  separately,  the  positive  moments 
and  the  negative  moments :  take  the  difference  of  the  two  soni%  and 
call  it  positive  or  negative  according  as  the  positive  or  negative 
sum  is  the  greater;  this  is  the  resultant  moment  of  the  oompoead 
figure  relatively  to  the  given  plane;  and  its  being  positive  ornep- 
tive  shows  at  which  side  of  the  plane  the  required  centre  fe. 
Divide  the  resultant  moment  by  the  magnitude  of  the  oompoQwl 
figure;  the  quotient  will  be  the  distance  required 

The  centre  of  a  figure  in  three  dimensions  is  determined  by 
finding  its  distances  from  three  planes  that  are  not  parallel  to  cick 
other.  The  best  position  for  those  planes  is  perpendicular  to  cich 
other;  for  example,  one  horizontal,  and  the  other  two  cutting  each 
other  at  right  angles  in  a  vertical  line.  To  determine  the  eaolbPt 
of  a  plane  figure,  its  distances  from  two  planes  perpendicnlar  to  the 
plane  of  the  figure  are  sufficient. 

293.  €eair«  •fm  Plane  Area.— To  find,  approximately,  the  CHltit 
of  any  plane  area. 

HuLE  A. — Let  the  plane  area  be  that  represented  in  fig.  S33  (of 
Article  289,  page  332).  Draw  an  axis,  A  X,  in  a  ooofenMBt 
tioaition,  divide  it  into  equal  intervals,  meaaore  bnad^  at  Iha 
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I  siiil  &t  the  points  of  division,  and  calmiUte  the  area,  as  ia 
■"Aiticle  2fi9. 

Then  multiply  each  breadth  by  its  distance  from  one  end  of  the 
axis  {aa  A) ;  coueidcr  the  prodncts  as  if  they  were  the  breadths  of 
a  Dew  figure,  and  proceed  by  the  rules  of  Article  269  to  calculate 
the  area  of  that  new  figure.  The  result  of  the  operation  will  be 
the  geometrical  frumtent  of  the  original  tigure  relatively  to  a  plane 
peipendicular  to  A  X  at  the  point  A. 

Divide  the  moinCTit  by  the  area  of  the  original  figure;  the 
qnntteiit  will  be  the  distance  of  the  centre  required  from  the  plane 
perpendicular  to  A  X  at  A. 

Draw  a  second  axis  intereecting  A  X  (the  moat  convenient 
position  being  in  general  perpendicidar  to  A  X),  and  by  a  similar 
procew  find  the  distance  of  the  centre  from  a  plane  perpendicular 
to  Uie  second  axis  at  one  of  its  ends;  the  centre  will  then  be 
conipletoly  determined. 

RCLE  B. — If  convenient,  the  distance  of  the  required  centre 
&oin  •  plane  cutting  an  axis  at  one  of  the  intermediate  points  of 
divinnn,  insteadof  at  oneof  itsends,  may  be  computed  as  tollows; — 
Take  aepamtely  the  moments  of  the  two  parts  into  which  that 
plwm  divides  the  figure;  the  required  centre  will  lie  in  the  part 
whiok  Itaa  the  greater  moment  Subtract  the  less  moment  from 
tbe  creater;  tlie  remainder  will  be  the  retultant  moment  of  the 
wlmle  fignrc,  which  being  divided  by  the  whole  area,  the  quotient 
will  bo  the  distance  of  the  required  centre  from   the  plane  of 


I 

I 


X. — When  the  teaultant  moment  is  ^  0,  the  centre  ia  in 
tk*  plane  of  division. 

Rvut  C — To  find  the  perpeudicnlar  distance  of  the  centre  from 
ih»  axis  A  X.  ^Ittultiply  each  breadth  by  the  distance  of  the 
Buddie  point  of  that  breadth  from  the  axis,  and  by  the  pi-oper 
"Sinpaon's  Multiplier,"  Article  265',  page  331;  distinguish  the 
a  into  right-handed  and  left-handed,  according  as  the  middle 
I  lA  ibo  breadths  lie  to  the  right  or  left  of  the  axis;  take 
MpanrtfllT  the  sum  of  the  right-handed  products  and  the  sum  of 
tM  left-oanded  prodncts;  the  required  centre  will  lie  to  that  side 
of  the  axis  for  which  the  sum  b  tie  greater ;  sobliint  the  less  sum 
B  Uie  gne»t«r,  and  multiply  the  remainder  by  J  of  the  common 
il  if  Simpaou's  first  rule  is  used,  or  by  |  of  the  common 
1  if  Simpeon's  second  rule  ia  used  ;  the  product  will  be  the 
pU  moment  relatively  to  the  axis  A  X,  which  beinK  divided 
hf  the  HTM,  the  quotient  will  be  the  requii«d  distance  of  (Jie  centre 
Enna  that  axU.* 

•  The  mlei  of  thi»  Article  are  eiprraied  in  symliola,  aa  foUows :— I/it  x  and 
jl  \m  the  petpuidicalar  diatancea  of  an;  jioint  in  the  piano  aiea  tcva\  tvo 
plaAM  iHojcadicnlar  to  tlio  ana  and  ta  each  other,  and  xg  and.  Do  "Qait  'yX' 
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Fig.  234. 


294.  Ccatre  •fm  Taiame. — ^To  find  the  perpendicular  distance  of 
the  centre  of  magnitude  of  any  solid  figure  from  a  plane  perpen- 
dicular to  a  given  axis  at  a  given  pointy  proceed  as  in  Bide  A  of 
the  preceding  Article  to  find  the  moment  relatively  to  the  plane, 
substituting  sectional  areas  for  breadths;  then  divide  the  moment 
by  the  volume  (as  found  by  Article  290)  ;  the  quotient  will  be  the 
required  distance. 

To  determine  the  centre  completely,  find  its  distances  firom  three 
planes,  no  two  of  which  are  parallel.  In  general  it  is  best  that 
those  planes  should  be  perpendicular  to  each  other. 

295.  Ceatre  of  Hagidtade  of  a  Carred  Uae. — RuLE  A. — Tofimd 

^  OfproximaJtdy  the  Centre  qf  Magfm- 

tude  of  a  very  Flat  Curved  Lms,-^ 
I  In  fig.  234,  let  A  D  B  be  the  aic 
Draw  the  straight  chord  A  B,  which 
bisect  in  C ;  draw  O  D  (the  d^fbt- 
iion  of  the  arc)  perpendicnlar  to 
A  B;  from  D  lay  off  D  E  =  ^  C  D;  E  will  be  very  nearly  the 
centre  required. 

This  process  is  exact  for  a  cycloidal  arc  whose  chord,  A  B»  is 
parallel  to  the  base  of  the  cycloid.  For  other  curves  it  is  approxi- 
mate. For  example,  in  the  case  of  a  circular  arc,  it  gives  D  £  too 
small ;  the  error,  for  an  arc  subtending  60^,  being  about  tH  of  the 
deflection,  and  its  proportion  to  the  deflection  varying  nearly  ss 
the  square  of  the  angular  extent  of  the  arc. 

BuLE  B — When  the  Curved  Line  is  not  very  flal^  divide  it  into 
very  flat  arcs ;  find  their  several  centres  of  magnitude  by  Bnle  k^ 
and  measure  their  lengths;  then  treat  the  whole  curve  as  a  oob- 
pound  figure,  agreeably  to  Bule  II.  of  Article  292,  page  334. 

296.  Special  VigarM. — I.  TRiANOLE(fig.  235^. — From  any  twoof 

the  angles  draw  straight  Imes  to  the  ouddb 
points  of  the  opposite  sides;  these  lines  wiD 
cut  each  other  in  the  centre  required;—^ 
otherwise, — ^fi-om  any  one  of  the  angles  disv 
a  straight  line  to  the  middle  of  the  oppoaK 
side,  and  cut  off  one-third  part  from  that  lis^ 
commencing  at  the  side. 

11.  QuADBHiATEBAL  (fig.  236).~Draw  the  two  diagonals  A  C  tfl 
B  D,  cutting  each  other  in  K  If  the  quadrilateral  is  a  panlM^ 
gram,  E  will  divide  each  diagonal  into  two  equal  parts,  and  vS 
itself  be  the  centre.  If  not,  one  or  both  of  the  diagonals  willbt 
divided  into  unequal  parts  by  t^e  point  R     Let  B  D  beadiagoii^ 

pendicuUr  distances  of  the  centre  of  magnitude  of  the  area  from  thtos* 
planet;  then  • 

Jfxdxdy  ffydrdy 

^  /fdxdy'^^       f/dxdy' 


Fig.  236. 
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tbat  is  unequally  divided.  From  D  lay  off  D  F  in  that  diagonal 
=  B  E.  Then  the  centre  of  the  triangle  F  A  C,  found  as  in  tlis 
preceding  rule,  will  be  the  centre  required 

III.  PijiSE  Polygon. — Divide  i'    '  ' 
triangles;  find  their  centres,  and  n 
their  areas;  then  treat  the  polygon  aa 
compound  figure  matte  up  of  the  triangl 
by  Rule  II.  of  Article  292,  page  334. 

IV.  Frisii  oa  Cyukder  with  Plane 
Parallel  Esds. — Find  the  eentrea  of  the  ^~ 
«aida;  a  straight  line  joining  them  will  be  Fig.  336. 
Uta  axis  of  the  pmm  or  cylinder,  and  the 

middle  point  of  that  line  will  be  the  centre  required. 

T.  Tetbaeedbon,  or  Trianoular  Pyramid  (fig.  237). — Bisect 
«oy  two  opposite  edges,  as  A  D  and  ^ 

B  C,  in  E  and  F;  join  E  F.  and  bisect 
it  in  G ;  this  jioiut  will  be  the  centre 
required. 

VI.  Asx  PiRAKTD  or  Cone  with  a 
I'lase  Base. — Find  the  centre  of  the 
base,  from  which  draw  a  straight  line 
to  tlie  summit;  this  will  be  the  axis  of 
the  p3:raniid  or  ooue.  From  the  aids  j. 
cat  off  one-fourth  of  its  length,  begin- 
ning at  the  baae;  this  will  give  the 
centre  required. 

VII.  Akt  Polehedrox  or  Plane-faced  SoLtn. — Divide  it  into 
pyramids;  find  their  centres  and  meusnre  their  volumes;  then 
treat  the  whole  solid  as  a  compound  figure  by  Kule  II.  of  Article 
!90. 

VIII.  CiRCTLAR  Abc— In  fig.  238,  let  A  B  bethe  arc,  and  C 
Ibe  centre  of  the  circle  of  which  it  is  part 
Biaect  the  arc  in  D,  aud  joiu  C  D  and  A  B. 
multiply  the  radius  C  D  by  the  chord  A  B, 
umI  divide  by  the  length  ot'  the  arc  A  D  B; 
lay  off  the  quotient  C  E  upon  C  D ;  E  will  be 
ibe  centre  of  magnitude  of  the  arc. 

IX.  Circular  Secioh,  C  A  D  B,  fig,  238. 
— Find  C  E  a*  in  the  preceding  rule,  and  Fig.  838, 

e  C  F  =  I  C  E;  PwiU  be  the  centre  re- 

X.  Sector  of  a  Flat  Rlso.— Let  r  be  the  esternal  and  r'  th« 
rudiuB  of  the  ring.     Draw  a  circular  arc  of  the  aanie 

•ngnlor  extent  with  the  sector,  and  of  the  ndltiB      -      " 

find  ita  centre  of  magnitude  b^  Bul«  VIU. 


Piff.  sar. 
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CHAPTER  IL 

OF  THE  PERFOBHANOE  OF  WORK  BT  MAOBIBBB. 

Section  L — O/EesUtanos  «md  Work, 

297.  The  Acttoa  of  a  nfsehiae  is  to  produoe  Motion  againrt  Konst- 
ance.  For  example,  if  the  machine  is  one  for  lifting  solid  bodies 
such  as  a  crane,  or  fluid  bodies,  such  as  a  pomp,  its  action  is  to 
produce  upward  motion  of  the  lifted  body  against  the  reostuiQe 
arising  from  gravity;  that  is,  against  its  own  weight:  if  the 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  horizontal  or  inclined  motion  of  a  load  agaiiist 
the  resistance  ai-ising  from  friction,  or  finom  friction  and  gravitj 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
material  offers  to  having  part  of  its  surfiace  removed ;  and  so  of 

other  machines. 

298.  Work.  {A,  3f.,  513.) — The  action  of  a  machine  is  measured, 
or  expressed  as  a  definite  quantity,  by  multiplying  the  motion  which 
it  produces  into  the  resistance,  or  force  directly  opposed  to  that 
motion,  which  it  overcomes;  the  product  resulting  from  that 
multiplication  being  called  work. 

In  Britain,  the  distances  moved  through  by  pieces  of  nKachaniai 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pona^ 
avoirdupois;  and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  conaat  of  to 
many  foot-pounds.  Thus  the  work  done  in  lifting  a  wei^^  of  OM 
pound,  through  a  height  of  one  foot,  is  one  fool-pound;  the  woA 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  hei|^t  flf  OM 
hundred  feet,  is  20  x  100  =  2,000  foot-pounds. 

In  France,  distances  are  expressed  in  metres,  resistanoea-oiferoBBt 
in  kilogrammes,  and  quantities  of  work  in  what  are  called  U^ 
grammitreSf  one  kilogramm^tro  being  the  work  performed  in  Uftaig 
a  weight  of  one  kilogramme  through  a  height  of  one  mdtre. 

The  following  are  the  proportions  amongst  those  units  of  di 
xesistancei  and  work,  with  their  logarithms :— » 


— powea— VE  LociTT. 

LamrlDimi. 

Onem&tro  =  31808693  feet, 0515989 

One  foot  =  0-30479751  mfttrea, 1-484011 

One  kiiogramrne  =  2-20462  lbs.  avoirdiiifflis, 0-343334 

One  lb.  avoirdupois  =  0*53593  kilogramme, 1656666 

One  IdlogmmmStre  =  7'233o8  foot-poonda 0-859313 

One  foot-pound  =  0-138354  kilogrammStres, i-i4o'=77 

i.i'.t.  The  itaie  Bf  Work  of  a  machine  means,  the  quautity  til"  work 
-which  it  performa  in  some  given  interval  of  time,  anch  as  a  moond, 
a  uuDute,  or  an  hour  (A.  M.,  661).  It  may  be  ezpr«sBed  in  nnita 
of  work  (such  DS  foot-pounds)  per  eecond,  per  minnte,  or  per  hour, 
as  the  esse  may  be;  but  there  ia  a  peculiar  unit  of  power  &ppn- 
jfirt^  to  ita  azpreHaion,  colled  a.aoitSE-FOW£B,'which  'ib,  in  Pritftin, 

550  foot-pounds  per  second, 
or  33,000  foot-pounds  per  minute, 
nr  1,980,000  foot-pounds  per  hour. 

This  is  also  called  an  actual  or  real  hor^-power,  to  distinguish  it 
fi«m  a  nominal  horse-power,  the  meaning  of  which  will  aftetwards 
be  explaiued.  It  is  greater  than  the  perforauuice  of  any  ordiniuj 
lione,  ita  name  having  a  conventional  value  attached  to  it. 

In  Prance,  the  term  fobce  ue  chevai^  or  CBEVAL-TApiiDB,  is 
T^T''**'  t0  tlie  following  i&te  of  work  : — 

Footrlka 
75  kilogrammctree  per  second    =  54'^ 

or  4,500  kilognimmMres  per  minute  ~         33,549 
or  170,000  kilogrommStres  per  hour      =    1,95^,932 

beil^  ahoTit  one-seventieth  part  less  than  the  British  horse-power. 

300.  Tvteeiif.^lf  the  ee/ocify  o/^Afin'ifioii  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  the  pro- 
doct  aS  that  velocity  into  the  resistance  obviously  gives  the  rate  of 
Irmk,  or  effective  power.  If  the  velocitv  is  given  in  feet  per  second. 
maA  tii«  renstance  in  pounds,  then  their  pitidiicC  is  the  rate  of  work 
Sb  foot-pnunds  per  second,  and  so  of  minutes,  or  hours,  or  other 
^dtaoftime. 

It  is  nmally  most  convenient,  for  purposes  of  calcnlation,  to 
«a}M<«Jt  the  velocities  of  the  parts  of  machines  either  in  feet  per 
wnDnd  or  in  feet  per  minute.  For  certain  dynamical  calcnlationa 
to  be  afu<rwards  referred  to,  the  second  is  the  more  conrentent 
unit  of  time:  in  stating  the  performance  of  machines  for  practical 
imiposcs,  the  minute  is  the  unit  most  commool;  empkiyed. 
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• 

Comparison  of  Different  Meamurea  qf  VehcUy, 

Hues                  Feet                  Feet 

F^ 

per  hour.           per  aeoond.        per  miiiiil& 

per  boo 

X                   s    1-46         8     88          = 

5280- 

o-68i8         =1              «     60         = 

3600 

0*01136           =     0X>l6           5s           I              =r 

60 

0*0001893  =  0*00027   =       o*oi6  = 
nautical  mOe  \ 

I 

per  hour,  or  >  =1*1508         =    1*688       »   ioi*a7     = 
"knot," j 

6076 

The  units  of  time  being  the  same  in  all  civiliaed  coontrieay  tlie  pto- 
portions  amongst  their  units  of  velocity  are  the  same  with  thooe 
amongst  their  linear  measurea 

301.   WMTk  la  Terms  of  Angalar  1II«ti«B.   (il.  if.,  593.V--Whena 

resisting  force  opposes  the  motion  of  a  part  of  a  madune  wfaidi 
moves  round  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crank,  the 
jproduct  of  the  amount  of  that  resistance  into  its  leceroffe  (that  ii, 
the  perpendicular  distance  of  the  line  along  which  it  acta  from  the 
fixed  axis)  is  called  the  moment,  or  statical  momeni,  of  the  renst- 
ance.  I£  the  resistance  is  expressed  in  pounds,  and  its  lereiaflB  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measme  iniidi 
may  be  called  a  foot-pound,  but  which,  nevertheless,  is  a  qimli^ 
of  an  entirely  different  kind  from  afoot-pound  of  work.  (See pi  381.) 
Suppose  now  that  the  body  to  whose  motion  the  reairtiiioe  ii 
opposed  turns  through  any  number  of  revolutions,  or  jpaiti  of  a 
revolution ;  and  let  T  denote  the  angle  through  whica  it  imxm, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  ki 

2  «-  =  6*2832 

denote,  as  is  customaiy,  the  ratio  of  the  circumference  of  a  drdi  ti 
its  radiua  Then  the  distance  through  which  the  given  raiiteM* 
is  overcome  is  expressed  by 

the  leverage  X  2  «•  X  T ; 

that  is,  by  the  product  of  the  circimiferenoe  of  a  ciide  whose  itcKoi 
is  the  leverage,  into  the  number  of  turns  and  fractions  of  t  taiB 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resisianoe  (H^ 
«ome,  gives  the  work  performed;  that  is  to  say, 

The  toork  pefformed 
sss  the  resistance  x  the  leverage  X  2'  X  1^ 


But  the  product  of  the  resistance  into  the  leverage  is  what  ia  called 
the  mommt  of  the  resistance,  and  the  product  2  3-  T  is  called  th» 
OHgular  motion  of  the  rotating  bodj;  conBequcntly, 

Tlie  work  performed 
=  tiie  tnomeiii  ofOte  retUtaiice  x  (^f*  atigular  Tnotitm. 

The  diikIb  of  computing  the  work  indicated  by  this  last  equation 
ia  often  more  convenient  than  the  direct  mode  already  explained  in 
Article  298. 

The  angular  motion  2  t  T  of  a  body  during  some  definite  unit  of 
time,  aa  a  second  or  a  minutu,  is  calli^d  ita  angular  vdociSy;  that  is 
to  Hiy,  angvltir  vdociiy  ia  the  product  o/t/te  luraa  avdfradntms  of  a 
turn  made  in  an  vnit  of  time  into  the  ralio  (2  >  =  62832)  oftka 
dreiwifereaee  of  a  circle  to  its  radius.  Hence  it  appears  that 
Tlieraieoftcork 
:=  the  Tnomenl  ofOie  resistarux  X  ^ifi  angular  vdocitg. 

302.  W>rk  IB  Term*  *t  Pn— arr  onJ  VolaiHe.  {A.  M.,  SIT.)  — If 
the  resistance  overcome  be  a  pressure  uniformly  distributed  over  an 
aiea,  as  when  a  piston  drives  a,  fluid  before  it,  then  the  amount  of 
tliat  resistance  ia  equal  to  the  intensity  of  the  pressure,  expressed 
i&  onitB  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  aquarc  inch,  or  pounds  on  the  square  foot)  multiplied  by  the 
■re»  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular t«  the  direction  of  the  motion  j  or,  if  not,  then  by  the 
frojection  of  that  area  on  a  plane  perpendiculM-  to  the  direction  of 
botion.  In  pmctice,  when  the  area  of  a  piaUm  is  spoken  of,  it  ia 
Uvaya  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
vltich  it  moves  in  a  direction  perpendicular  to  itself,  if  its  motion 
ia  Mimight,  or  into  the  distance  through  which  its  centre  of  gravity 
iBOTCe,  if  its  motion  is  curved,  the  product  is  the  volume  of  tht 
•fniui  tnnerted  by  the  piston. 

Henoe  the  work  peribrmed  by  a  piston  in  driving  a  fluid  before 
it,  or  by  a  fluid  in  driving  a  piston  before  it,  may  k«  expressed  in 
wither  <tt  the  following  ways : — 

Resittance  X  dittaiux  traverted 

=  inltsntily  ofprttmre  x  f"**  X  diataiice  traverted; 

=  intenailt/  ofpruware  X  volume  traver»ed. 

In  order  to  compnte  the  work  in  foot-pounds,  if  the  pt«^ure  u 
^^(•J  in  ponnils  on  the  square  foot,  the  area  should  be  stated  in 
fe«t,  and  the  volume  in  cubic  feet;  if  the  pressure  is  stated  in 
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pounds  on  iihe  sqiiaTOmbh,theanadM«ddbe«ifttediB8faBr»ins]Mi^ 
and  the  ^nilume  in.  im]t%  each  of  "wiikii  is  a  pnan  of  one  liMt  in 

length  and  one  square  inch  in  area;  that  is,  of  r-rj  of  a  cabio  fM 

in  Tolume. 

The  following  table  gives  a  comparison  of  Tarions  tmitB  in  which 
tha  intensitiea  a£  presBurea  axe  conunfliily  aTpnwwL    (il..  M.,  8§.) 

FMnidi  on  thB         FloandiOBtti 
squrefixiti  aqoMviM^ 

One  pound  on  the  sqnace  incfay^...       X44  x 

One  pound  on  the  square' foot, r  yi» 

One  inok  of  mescmy  (that  is,  weight 

of  a  eolumn  of  merouij  at  dSt* 

Fahr.y  one  inch  hi^)^ 7073  9r4fSM 

One  foot  of  water  (at  39°1  Fahr.),        62-425  0-4335 

One  inch  of  water, 5-2021  0*036125 

One  atmosphere,  of  29-922  inches 

of  mercury,  or  760  millimetres,     2116*3  14I 

One  foot  of  air,  at  3T  Fahr,,  and 

imder  the  pressure  of  one  atmo- 
sphere,   0*080728  0*0005606 

One  kilogramme   on  the  square 

metre, ^•«......  0*204813  Q100142231 

One  kilogramme    on    the    square 

millimetre,  2048x3  1422*31 

One  millimetre  of  mercury, ^..  2*7847  0*0x934 

303.  Algcknucal  K^prc-I— ■  Ar  WmIc  {A,  M.,  515»  517,  593iH 

To  express  the  results  of  the  preceding  artidea  in  algdEaaial  1^ 
bols,  let 

8  denote  the  distance  in  feet  through  which,  a  leBifltaiioa  ia  < 
come  in  a  given  time; 

K,  the  amount  of  the  resistance  overcome  in  ponndiL 
Also,  supposing  the  resistance  to  be  oveioome  by  a 
turns  about  an  axis,  let 

T  be  the  number  of  turns  and  firactLons  of  a  tom  made  in  ^ 
given  time,  and  t  =  2  x  T  =  6*2832  T  the  angular  motion  in  tbe 
given  time ;  and  let 

I  be  the  leverage  of  the  resistance ;  that  is,  tli*  jporpendknltf 
distance  of  the  line  along  which  it  acts  from  the  axis  <^  motion; 
so  that «  =  t  /,  and  II  /  is  the  statical  moment  of  the  reoisCance.  8<9| 
posing  the  resistance  to  be  a  pressure,  exerted  between  apwtfln—" 
a  fluid,  let  A  be  the  area  or  projected  area  of  the  piatoiii  and  f  ^ 
intensity  of  the  pressure  in  pounds  per  unit  q£ 


Thea  &6  foUowing  erpremoue  all  ^ve  quantitiee  of  work  in  the 
^▼en  time  in  foot-pounds : — 

R«;    iRl;  pAs;    ipAl. 

Th«  last  of  these  expressions  is  applicable  to  a  piston  turning  nn 
•n  axia,  for  wbich  I  aciiot«s  the  distance  from  the  tisis  to  the  centre 
of  pravity  of  the  ntea  A, 

301.  w«k.«BiH>a.eui«»VoF«.  (^.  J/^.,  511.)— The  r^ist- 
ance  diicctiy  due  to  a  force  which  acts  against  a  moving  bodj  ia  a. 
<lin)otioft  oblique  to  Utat  in  vliich  the  body  moves,  ia  found  by 
rvaoWiiiK  that  force  into  two  compoDcnts,  one  at  right  angles  to  the 
diNCtioa  of  owtion,  which  may  bo  called  a  laiend  j'orct,  and  wliic'.k 
mtut  be  hilBnced  by  tm  equal  and  opposite  lateral  force,  unle&s  it 
(■taw  itfbct  by  alteriog  the  direction  of  tfao  body's  motiout  and  the 
otlkar  oonponent  directly  opposed  to  the  body's  motion,  which  is 
the  rttifbmai  ri-'quired.  Tliiit  resolntioa  is  effected  by  means  of  the 
wQ  known  principle  of  the  jwirallclogism  of  forcee  as  follows ; — 
~  In  fig-  239,  let  A^l■f■l■e-?e^ltthe|K'intatwhieha^e>listancei3  0ver■ 
'  T  the  direction  in  which, 
that  point  is  moving,  and  let  A  V 
be  a  lino  whose  direction  and 
length  rcpreiseat  the  direction  and 
magnitude  of  a  force  obliquely 
opposed  to  the  motion  of  A, 
t  lidl  the  perpendicular  F  K ;  the 
Ifii^h  of  thut  perj:x'i)diL'uliir  will  represent  tlie  magnitude  of  tile 
luiei  ■!  comfioneut  of  the  obliquti  focco,  and  the  length  A  It  will 
reywiuiit  tlie  diMct  coinponeDt  or  resistance. 

The  work  dime  against  an  oblique  resisting  force  may  also 
he  calculated  by  resolving  t)ie  motioa  into  a  direct  component 
in  the  line  of  action  of  the  foroe,  uud  a  transvorae  com[K>aent, 
1  nultiplyiog  the  whole  forue  by  the  direct  component  of  tb» 


Fig.  S39. 

FiDin  F  upon  B  A  pmdnced,  let 


L»l&» 


■  af  QaullUr*  mt  U 


-In 


■  an  overcome  during  t)ie  same  interval  of  time,  by  dlfier- 
k  taoring  pieces,  and  at  dilfereot  |)0iint4t  in  the  same  naoving 

Seep;  and  the  whole  work  j>erfiiiitiod  during  the  given  int«^al  is 
Diul  by  adding  togetlier  the  scvgi&I  producte  of  the  reeieUttiwe 
■Bla  Uu  n^Mctive  duUmcos  through  which  tiiey  are  simultauenusly 
om-nvme.  It  is  cooveoicot,  in  aJgebnucnl  symbols,  to  denote  Ih* 
tMttlt  of  that  snanBotton  by  the  t^'mbol — 


:     R* 


,..(1.) 


itt  vUfih  : 


irUfih  Z  denotoB  the  uperu*. 


J  of-  taking  the  sum  of  a  eet  oC 
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qnantities  of  the  kind  denoted  by  the  flymbols  to  which  it  is  pre- 
fixed. 

When  the  resistances  are  overcome  by  pieces  taming  npon  axes. 
the  above  sum  may  be  expressed  in  the  fonn— 

2*R^; (2.) 

and  so  of  other  modes  of  e]q>ressing  quantities  of  work. 

The  following  are  particular  cases  of  the  summation  of  qoantitiet 
of  work  performed  at  different  points : — 

I.  In  a  shifting  pisce^  or  one  which  has  the  kind  of  movement 
called  tramdovtion  only,  the  velocities  of  eveiy  point  at  a  given  in- 
stant are  equal  and  parallel ;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal;  and  the  work  performed  is  to 
be  found  by  multiplying  the  smn  ofths  resiataneea  into  the  motkn. 
as  a  common  factor ;  an  operation  expressed  algebraically  thus— 

8  2  R; (3i) 

IL  For  a  twming  piece,  the  angular  motions  of  all  the  points 
during  a  given  interval  of  time  are  equal;  and  the  work  pcr^rmed 
is  to  be  found  by  multiplying  the  9um  of  the  momenta  qfthe  mid' 
cmcea  rdaiively  to  the  axis  into  the  angular  motion  as  a  oommaii 
factor — an  operation  expressed  algebrai<»Ily  thus — 

iS-RZ; (4.) 

The  sxmi  denoted  by  2  *  R  ^  is  the  total  moment  o/reaiatanee  of  ^ 
piece  in  question. 

III.  In  every  trmn  o/mechaniam,  the  proportiona  amongst  ^ 
motions  performed  duriug  a  given  interval  of  time  by  the  sevenl 
moving  pieces,  can  be  determined  from  the  mode  of  comiectkA  oi 
those  pieces,  independently  of  the  absolute  magnitades  of  tboi» 
motions,  by  the  aid  of  the  science  called  by  Mr.  Willis,  ^tf^ 
Mechaniam.     This  enables  a  calculation  to  be  jpeifonned  iHiidi  * 
called  reducing  the  resiatancea  to  the  driving  ponU;  that  is  to  mj, 
determining  the  resistances,  which,  if  they  acted  directly  at  tbe 
point  where  the  motive  power  is  applied  to  the  machine,  wonU 
require  the  same  quantity  of  work  to  overcome  them  with  tb» 
actual  resistances. 

Suppose,  for  example,  that  by  the  principles  of  pore  mechsnii* 
it  is  found,  that  a  certain  point  in  a  machine,  where  a  resistiDee  B 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  f» :  1  f^^ 
the  velocity  of  the  driving  point  Then  the  work  porfonned  rn 
overcoming  that  resistance  will  be  the  same  as  if  a  resistance  sB 
were  overcome  directly  at  the  driving  point.  If  a  similar  caJkxi^ 
tion  be  made  for  each  point  in  the  machine  where  rosistsnoa  i* 


3  the  foUowing  sjrmbol 

(«■> 


that  BUtn  is  the  eijvivalent  resUtance  at  the  driving  poiitt;  &nd  if  in 
a  given  interval  of  time  the  driviog  point  movi^  through  the  dis- 
tance «,  then  the  work  performed  in  that  time  is — 


r.R.. 


^e  process  above  ilMcribed  ia  often  applied  to  the  steam  engine, 
bj  reducing  all  the  reaiHtances  overcome  to  equivalent  reeistauceB 
acting  directly  agiunst  the  motion  of  the  pixtoo. 

A  rimilai-  meUiod  may  be  applied  to  the  moments  of  resistances 
o**roome  by  rotating  pieces,  ao  as  to  reduce  them  to  equivalent 
moments  at  Ok  driving  aide.  Thus,  let  &  resistance  R,  with  tho 
leverage  I,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion beare  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  th» 
equivalrat  momeot  of  resistance  at  the  driving  axle  is  n  R I ;  and 
if  *  nniilar  calculation  be  made  for  each  rotating  piece  in  tho 
inaehine  which  overcomes  reeistaucc,  and  the  results  added  to- 
gether, tba  sum — 

'■»K' (I) 


is  the  total  equivalejit  moment  of  regittance  at  the  driving  axle;  and 
f  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
%  to  radios  unity,  the  work  performed  in  that  time  is — 


-iRt.. 


8.) 


'.  Otni/n  of  Graviit/. — The  work  performed  in  lifting  a  hodj 
-Ifndatto/lie  weig/d  ofOie  body  into  the  height  through  whvA 
h^yrowiy  M  UJkd.     (See  Article  282,  page  323,) 
pofcine  lifts  the  centres  of  gravity  of  several  bodies  at  once 
■  either  the  same  or  dilTerent,  the  whole  quantity  of  work 
d  in  ao  doing  is  the  sum  of  the  several  products  of  the 
we^lB  and  heights ;  but  tliat  quantity  can  also  be  computed  by 
multiplyiTtg  the  eum,  of  all  lh« 
vxighie  into  the  height  titrmtgh 
ichtcft  their   common    centre  of 
gravitff  it  Ufted. 

306.    RrpmOHUiUaa  af  Wsrii 

tf  iM  Area. — Aa  a  quantity  of 
work  is  the  product  of  two 
({Uontities,  a  forc«  and  a  motion, 
it  may  lie  represented  by  tho 
(4  ft  plane  fisun^  which  ia  the  |iroduct  of  two  dimenuona. 
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l£lb  the  baae  rftha  rectangle  A,  %  240,  TBp— tt  amafiet  of  aartiom 
and  ita  height  ojte pound  of  resistance;  then  will  its  area  ropwmt 
one  fbot-pouud  oC  work. 

In  the  laiser  reotan^e,  let  the  hue  ^%  repRamt  »  certaiB 
motioii »,  on  me  same  a^le  with  tlia  baa*  of  the  nnit-araa  A;  voA 
let  the  height  O  B  reia«aeiEt  »  certain  nsetHtce  B^  on  ths  auw 
scale  with  the  height  of  the  unit-area  A;  then  will  tlte  nomber  of 
times  that  the  rectangle  O  S  ■  O  R  contains  the  nnit-rect&ngle  A, 
expresa  the  nnmber  of  foot-pounds  in  tb»  qoantily  of  woA  'B.i, 
which  ia  performed  in  orercojidiig  tlw  Tosstanm  B  thraogh  the 


(^Jr.,fil5.)— Ittfi»a41, 
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let  distances  ae  before,  be  re- 
presented by  lengths  meaaured 
along  the  base  line  0  X  of  the 
figure ;  and  let  the  magnitudes 
<^  t^e  resistance  OT«come  at 
each  instant  be  repreaent«d  by 
the  lengths  of  orduiates  drawn 
perpendicular  to  O  X,  and  paral- 
lel to  O  T:  — For  example,  ng.941. 
when  the  working  body  has  moved  througli  the  distance  repre- 
sented by  O  S,  let  the  resistance  be  represented  by  the  ordinate  sE 

If  the  resistance  were  constant,  the  summits  of  those  ordinabi 
would  lie  in  a  straight  line  parallel  to  O  X,  like  R  B  in  fig.  340; 
but  if  the  resistance  varies  continuously  as  the  motion  goes  on,  titt 
summits  of  the  ordinatea  will  lie  in  a  line,  straight  or  curved,  saet 
as  that  marked  E  K  O,  fig.  241,  which  is  not  parallel  to  O  X 

The  values  of  the  resistanoe  at  each  instant  being  represented  lif 
the  ordinates  of  a  given  line  E  B  O,  let  it  now  be  reqnued  tt>  ibk^ 
mine  the  work  |>ert'onned  against  that  reedstaaoe  duni^[  a  notiea 
represented  by  O  b'  =  g. 

Suppose  the  :Lrea  0  E  G  F  to  be  iHvided  into  banda  \tj  »  ser^  o' 
parallel  ordinatea,  such  as  A  C  and  B  D,  and  between  the  v^ 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  I* 
drawn  parallel  to  0  X,  so  as  to  form  a  stepped  or  seriated  outliK 
consisting  of  lines  pai'sJIel  to  OXand  0  Y^temately,  and^yiW' 
fnating  to  the  given  continuous  line  E  G, 

Now  conceive  the  resistance,  inatcad  of  varying  continnoialji  t* 
remain  constant  during  each  of  the  series  of  divisions  into  «kid 
the  motion  is  divided  by  the  parallel  ordinates,  and  ts  duiip 
abruptly  at  the  instants  between  those  divisions,  being  repreMitM 
for  each  division  by  the  height  of  the  rectangle  which  standi  « 
that  division  r  for  example,  dming  the  division  of  the  motiun  t* 


WORK,  3J7 

]>reaented  by  A  B,  let  the  refliatance  be  repregented  by  A  C,  and  bo 
fur  other  dividoiia. 

Tbea  the  work  perfoimed  during  the  divisioa  of  the  motion  ro- 
presenteti  by  A  B,  on  the  soppositiou  of  alternate  constancy  and 
abmpt  variation  of  the  reJiiatance,  ii  represented  by  the  rectangle 
aB'AO;  and  the  ■whole  work  performed,  on  the  same  supposition, 
daiing  the  whole  motion  0  F,  is  represented  by  the  sum  of  all  tha 
rectangles  lying  between  the  parallel  ordtnates;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  reaistani^e  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
cioxer  approximatioD  the  closer  and  the  more  numerous  the  pai-allel 
ordinat«8  ore,  so  the  earn,  of  the  rectangles  is  an  approximation  to 
the  exact  ropreaentation  of  the  work  performed  against  the  oonti- 
niunisly  var3ring  resistance,  and  is  a  closer  approximation  the  closer 
and  more  uumerous  the  ordinates  are,  aad  by  making  the  ordinates 
nuroeroufl  and  close  enough,  can  be  made  to  difier  &om  the  esact 
r«pt«MittatiiHt  by  an  amount  lees  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  ap]Hoxiniation  to 
the  anxi  0  E  G  F,  bounded  above  by  the  continuous  lino  E  O,  and  is 
a  cioeer  ^proximation  the  closer  and  the  more  numerous  the  ordi- 
nate* are,  and  by  making  the  ordinates  numeroua  and  close  enough, 
am  be  made  to  differ  frum  the  area  O  E  G  F  by  an  amount  less 
Uwn  any  given  difference. 

Tki^on  tha  arra  0  E  G  F,  bounded  bij  t/te  straight  line  O  F,  which 
rrprmanU  lie  moAm,  by  llie  Un»  EG,  icAom  ordinaUa  reprtgent  the 
vaAim  ofUm  TentUatce,  and  by  the  ttoo  ordiiitUt*  OE  and  FG,  rtpre- 
MKle  mOiitf  the  leork  per/armed.     (See  Article  289,  [wge  331.) 

Ho  lUAX  RESiaTAMCB  during  ^e  motion  ia  found  by  dividing 
tha  ana  O  E  O  F  by  the  motion  U  F. 

30a    Vmrtmt  W«rfc  >n4  LoM  W-rtu— The  owfnl  work   of  a  ina- 

cUne  ia  that  which  is  performed  in  eSecting  the  purpose  for  which 
tlM  naehuifl  ia  designed.  The  lost  work  ia  that  which  is  performed 
in  prodnojng  effects  foreign  to  that  purpose.  The  resLstnnces  over- 
toaue  bt  pedbrming  tbose  two  kinds  of  work  are  called  respectively 
m^td  rmiiianee  and  pntpidieial  nsintarux. 

The  naefiU  work  and  the  lost  work  of  a  machine  together  make 
Vf'tMtotai  or  (frost  work. 

Ia  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  i»  tint  prodnrt  of  the  weight  of  water  lifted  in  that  time  into 
th*  hmght  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
crvmonung  the  friction  of  the  water  in  the  pumps  aud  pipes,  the 
friction  of  the  phingers,  pistons,  valves,  and  mechanism,  and  the 
of  the  air  pump  and  other  parts  of  the  engine. 


I 
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For  example,  the  useful  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  throng  whidi  she 
moves :  the  lost  work  is  that  performed  in  OTercoming  the  resist- 
ance of  the  water  to  the  motion  of  the  propeller  through  it»  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodies. 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  be 
determined,  but  not  the  lost  work. 

309.  Frictioo.  (Partly  extracted  and  abridged  from  A.  iT,  189, 
190,  191,  204,  and  669  to  68d).— The  most  ^uent  cause  of  kss 
of  work  in  machines  is  Motion — being  that  force  which  acts  be- 
tween two  bodies  at  their  surface  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  foroe  with  whidi 
the  bodies  are  pressed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment  :«- 

The  friction  which  a  given  pair  of  solid  bodies,  tcith  their  mmfaees 
in  a  given  condition,  are  capable  of  exerting,  is  simply  proportumai 
to  the  force  with  which  tJvey  are  pressed  togeUier, 

There  is  a  limit  to  the  exactness  of  the  above  law,  whea  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  bemngs  of  any 
machine.  For  some  substances,  especially  those  whose  soxfiioes 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  fat  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  tint 
between  the  same  pair  of  surfaces  when  sliding  on  eadi  other. 
That  excess,  however,  of  the  friction  of  rest  over  the  friction  ff 
motion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  <^wMwg  oon- 
tinuous  loss  of  work. 

As  to  materials  for  bearings,  see  pages  462,  463,  464. 

The  friction  between  a  pair  of  beanng  sur&ces  is  calcnkted  tf 
multiplying  the  force  with  which  they  are  directly  pressed  tqgetlMr, 
by  a  factor  called  the  co-efficient  of  friction,  which  has  a  tpeoA 
value  depending  on  the  nature  of  the  materials  and  the  state  of  th0 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  R  denole  thft 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  directioii  ptf^ 
pendicular  to  the  surfaces,  with  which  they  are  pressed  tpgetiMr> 
andythe  co-efficient  of  friction;  then 


B»/Q... 


•■(I.) 


The  co-efficient  of  friction  of  a  given  pair  of  aurfuoe*  1b  tho  Inn- 
gent  of  an  angle  called  the  angle  ^repose,  being  the  gii-utrat  uiglu 
which  an  ohliqno  pressure  between  the  Burfaeys  can  mdVu  with  a 
perpendicular  to  them,  without  making  them  aliilo  on  oach  othor. 

The  following  is  a  table  of  the  angle  of  roposo  9,  tliu  co-trtHciuHt 
of  friction  /=  tan  9,  and  its  reciprocal  I  ;/,  for  tlio  matotioli  of 
nwchaiiLsm — condensed  from  the  tables  of  Ouniinil  Morin,  and 
otber  K>arceii,  and  arranged  in  a  few  comprehe naive  cImkw.  Tti* 
vslnea  of  those  Constanta  which  are  given  in  tho  tublo  have  ro- 
bnaoe  to  a^fnelum  of  motion.*    (Seu  pp.  39it  mid  47G.) 
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310.  iTa«««iHs. — ^Three  results  in  the  preoediog  table,  Noa.  1 G,  1 7. 
and  18,  have  reference  to  smooth  firm  surfiuses  of  any  Idnd,  gnaaed 
or  lubricated  to  such  an  extent  that  the  friction  depends  diiefl j  on 
the  continual  supply  of  unguent,  and  not  senably  m  the  natm  of 
the  solid  surfiEu>es;  and  this  ought  almost  always  to  be  the  case  in 
machineiy.  Unguents  should  be  thick  for  heavy  premirei^  thtt 
they  may  resist  being  forced  out,  and  thin  for  light  pressoni^  that 
their  viscidity  may  not  add  to  the  resistanoe. 

Unguents  may  be  divided  into  four  dbssee,  as  foDows : — 

L  Water,  which  acts  as  an  unguent  on  sur&oes  of  wood  and 
leather.  It  is  not,  however,  an  imguent  for  a  pair  of  w^^tallift 
surfaces;  for  when  applied  to  them,  it  increases  their  firiction. 

II.  Oily  unguents,  consisting  of  animal  and  vegetable  &Ded  talk, 
as  tallow,  lard,  lard  oil,  seal  oU,  whale  oil,  olive  (ni  The  vegettUe 
diying  oils,  such  as  linseed  oil,  are  unfit  for  unguents^  as  they 
absorb  oxygen,  and  become  hsurd.  The  animal  oils  axe  on  ths 
whole  better  than  the  vi^getable  oils. 

HL  Soapy  unguents,  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  laondi  of 
a  ship,  one  of  the  best  unguents  of  this  class  is  soft  soi^  made  fton 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  oanttge 
axles,  it  is  necessary  that  the  unguent  should  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  dry  and  become  stiff  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  from  25 
to  30  per  cent,  of  water;  that  which  contains  40  or  50  per  cent 
is  bad. 

lY.  Bituminotis  unguents,  in  which  liquid  mineral  hydrocartons 
are  used  to  dissolve  and  dilute  oily  and  fritiy  substanoea. 

The  intensity  of  the  pressure  between  a  pair  of  greased  waahio» 
ought  not  to  be  so  great  as  to  force  out  the  unguent.  The  follow- 
ing formula  agrees  very  fairly  with  the  results  of  practice : — 

Let  V  be  the  velocity  of  sliding,  in  feet  per  seoond ;  p,  the 
proper  intensity  of  pressure,  in  lbs.  on  the  iqnare  indi; 

44800 

^  "  60  t;  +  20' 

p  ought  not  in  any  case  to  exceed  1200. 

his  experiments,  for  iron  surfaces  of  wheels  and  skids  mbhiqg  longitaiisdtf 
on  iron  rails : — 

/,  for  dry  surfaces,  0'3,  0*25,  0*2 ;  for  damp  surfaces,  0*14. 

a,  for  wheels  sliding  on  rails,  0D3 ;  for  skios  sliding  on  rails,  0O7. 

y,  not  yet  dotermuMd,  but  twrtedmsauwhUu^  ' 
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means  of  the  belt ;  it  is  found  that  the  advancing  aide  of  the  belt 
is  exactly  as  much  tightened  as  the  retoming  side  is  slackened,  so 
that  the  mean  tension  remains  unchanged.  The  ratio  which  it 
bears  to  the  force,  E,  to  be  transmitted,  is  given  by  this  formula : — 


T^  4-  Tg         g/^  4-  1 
2R     ■■2(e/»-l)' 


.(2.) 


If  the  arc  of  contact  between  the  band  and  pulley, 
turns  and  fractions  of  a  turn,  be  denoted  by  n, 


m 


^  =  2»n;  «/•=  102-7288/1... 


w 


that  is  to  say,  6^'  is  the  arUUogcvnJthm^  or  natural  number^  corre- 
sponding to  the  common  logarithm  2*7288y*n. 

The  value  of  the  co-efficient  of  friction,  f^  depends  on  the  state 
and  material  of  the  rubbing  surface&     For  leather  belts  on  ircm 
pulleys,  the  table  of  Article  309,  page  349,  shows  that  it  langei 
from  *56  to  '15.     In  calculating,  by  equation  2  of  this  Article,  the 
proper  mean  tension  for  a  belt,  the  smallest  value, /*=  -15,  is  to 
be  taken,  if  there  is  a  probability  of  the  belt  becoming  wet  with  ofl. 
The  experiments  of  Messrs.  Henry  R  Towne  and  Robert  Bpgn 
however  (published  in  the  Journal  of  the  Franklin  Institatenr 
1868),  show  that  such  a  state  of  lubrication  is  not  of  otdiuaiy 
occurrence;   and  that  in  designing  machinery,  we  may  in  moit 
4»ises  safely  take/=  0*42.    Professor  Beuleaux  (Ccn&trueiumdAn 
fiir  Maachtnenbau)  takes  /  =  0*25.     The  following  table  Atom 
the  values  of  the  co-efficient  2*7288/,  by  which  n  is  multi]diediB 
equation  3,  corresponding  to  diffisrent  values  of/*;  also  the  oonv- 
spending  values  of  various  ratios  amongst  the  forces,  when  the  sit 
of  contact  is  half  a  circumference : — 


/= 

2-7288/  = 

0*15 
0-41 

025 
0-68 

0-42 

056 
1-53 

jet  ^  =  «",  and  n  = 

^;  then 

Tj  -  K  - 
T1  +  T2  -r  2R  = 

1*603 
2*66 

2*l6 

2*i88 

1*84 

1-34 

3758 
1*36 

0-86 

5-831 

i-ai 

071 

In  ordinary  practice,  it  is  usual  to  assume  T^rsR;  Tj  =  SB; 
Tj  +  Tg  4-  2  R  =  1*5.     This  corresponds  to/  =  0-22  nearly. 

For  a  wire  rope  on  cast-iron,  /  may  be  taken  as  =  0"15  neii^l 
and  if  the  groove  of  the  pulley  is  bottomed  with  gutta-peithi. 
^^•25. 

When  an  endless  band  runs  at  a  very  high  velocity,  iti  certn* 

gal  force  has  an  indirect  effect  on  the  frictioni  which  viO  ^ 
>nsidered  further  on.     (See  page  441.) 
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31  !•    Tko   Warii    Pnfarmril   bsbIbm   Vriettoa  in  a    given    time, 

between  a  pair  of  rubbing  surfaces,  ia  the  product  of  that  friction 
into  the  distance  through  vhich  one  surface  eUdest  over  the  other. 

Wlen  the  motion  of  one  aui&ce  relatively  to  the  other  conaieta 
in  rotation  about  an  axia,  the  work  performed  may  also  be  cal- 
culated by  multiplying  the  relative  angvlar  motvm  of  the  snr&cea 
to  tadins  uni^  into  the  numient  o/Jrictum  ;  that  ia,  the  product  of 
the  fiietion  into  ite  leverage,  which  is  the  mean  distance  of  the 
rubbing  surfaces  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
tlie  nulius  of  tlte  journal 

For  a  JUa  pivot,  the  leverage  is  two-thirda  of  the  radius  of  the 
pivot 

Far  »  eoilar,  let  r  and  i'  bo  the  outer  and  inner  radii;  then  the 
Jerenge  of  the  friction  is 
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..(1.) 


For  "Sehi^e't  c.nli-/rietum  ptwrf,"  whose  longitudinal  seetion  ia 
the  curve  culled  the  "  tractrin,"  the  moment  ot  friction  is/  x  the 
load  X  the  external  radiDH.  This  is  greater  than  the  moment  for 
an  eqnidly  amooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
lioD  pivot  baa  the  advantage,  inasmuch  as  the  wear  of  the  surfacea 
ii  tnuform  at  every  point,  so  tliat  they  always  fit  each  other  accu- 
ntely,  and  the  pressure  is  always  uniformly  distributed,  and  never 
bevotnes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
M  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  eup  and  fco/T pivot,  the  end  of  the  shaft,  and  the  step  on 
%h>ch  it  presses,  present  two  recesses  facing  each  other,  into  which 
an  fined  two  iJiallow  cups  of  steel  or  hard  bronze.  Between  the 
eonove  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being 
•itber  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
aomevhat  lees  radius  than  the  concave  surfaces  of  the  cups.  The 
aoment  of  friction  of  tliis  pivot  is  at  first  almost  inappreciable, 
from  iius  extreme  smailness  of  the  radius  of  the  circles  of  contact 
«if  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
«f  fricAion  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a 
reuatance  ia  caused,  which  is  coDed  sometimes  "rolling  fciotion," 
hot  mom  correctly  railing  raitlarue.  It  is  of  the  nature  of  a  ampla 
wiating  rotation ;  its  moment  is  found  by  multiplying  the  normal 
I>reHtire  between  the  rolling  suriaccs  ly  an  arm  whose  length 
depauds  on  the  nature  of  the  roiling  surfaces;  and  the  work  lost 
in  an  unit  of  time  in  crvercoming  it  is  the  product  of  its  moment 
hj  the  anijidar  vehcily  of  tlie  nilliug  aumces  relatively  tii  each 


J 
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other.   The  following  are  approximate  values  of  the  arm  in  de/xmal» 
qf  afoot : — 

Oak  upon  oak, 0'oo6  (Coulomb). 

lignum-vitoe  on  oak, 0*004         — 

Cast-iron  on  cast-iron, 0*002  (Tredgold). 

The  work  lost  in  friction  produces  heat  in  the  proportion  of  one 
British  thermal  unit,  being  so  much  heat  as  raises  the  temperature 
of  a  pound  of  water  one  degree  of  Fahrenheit^  for  every  772  foot- 
pounds of  lost  work. 

The  heat  produced  by  friction,  when  mod«»te  in  amount,  is 
useful  in  sofbening  and  liquefying  unguents;  but  when  exoessiTe, 
it  is  prejudicial  by  decomposing  the  unguents,  and  sometimes  even 
by  sofbening  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture so  high,  as  to  set  fire  to  neighbouring  combustible  matters. 

Excessive  heating  isprevented  by  a  constant  and  copious  subtly 
of  a  good  unguent.  When  the  velocity  of  rubbing  is  about  four 
or  five  feet  per  second,  the  elevation  of  temperature  is  found  to  be, 
with  good  fatty  and  soapy  unguents,  40^  to  50^  £Uirenheit|  with 
good  mineral  uDguents,  about  30°.  The  effect  of  firiction  upon 
tiie  efficiency  of  machines  will  be  considered  further  on,  in 
Section  IV. 

312.  w«rk  of  Acr«ienui«n.  {A.  if.,  12, 521-33, 536, 547, 549, 5H 
589,  591,  593,  595-.7.V--In  order  that  the  velocity  of  a  body  s 
motion  may  be  changed,  it  must  be  acted  upon  by  some  other  bcNJ^ 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  £om 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  wtm 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pio- 
ducing  the  change.     If  the  change  is  an  acceleration  or  inereaie  d 
velocity,  let  the  first  body  be  called  the  driven  body^  and  the  seooad 
the  driving  body.     Then  the  force  must  act  upon  tJie  driven  hoif 
in  the  direction  of  its  motion.     Every  force  being  a  pair  of  eqoil 
and  opposite  actions  between  a  pair  of  bodies,  the  same  Ibeoe  ww 
accelerates  the  driven  body  is  a  resistance  as  rei^MctB  the  dovay 
body.     (See  Article  2S7,  page  329.) 

For  example,  during  the  commencement  of  the  atroks  of  tk 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  ill  rod  a 
accelerated ;  and  that  acceleration  is  produced  by  a  certain  ptit  d 
the  pressure  between  the  steam  and  the  piston,  being  the  eaovof 
that  pressure  above  the  whole  resistance  which  the  piston  htfW 
overcome.  The  piston  and  its  rod  constitnto  the  driven  bodf ;  ^ 
steam  is  the  driving  body;  and  the  same  partof  the  pfeaarevM 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  of  Ik 
•team,  in  addition  to  the  resistance  which  woidd  have  to  bo  oin^ 
come  if  the  velocity  of  the  piston  were  unifomk 
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The  i«6istAiice  doe  to  i 
tunnntrr : — It  b  kooim  br  experiineot,  tli*t  if  a  bgdy  mat  Uw 
curtli's  surface  u:  accelerau^  l>j  the  attnb.-ti<iii  <€  Aa  outh, — thiA 
is.  bj  iu  own  weigfat,  or  by  a  force  eqo&l  lo  tto  ows  wvi^t,  its 
velocity  goes  on  continuAlly  incmsing  very  D«>riy  ut  tlw  nta  of 
33'2  yiv^  jier  second  of  additiotud  vtlocity,/or  «i»eh  meomd  dtwimg 
«cAtc/i  l/ie/vree  acta.  This  qoaad^  'varies  in  difi«m)t  Utitudto,  mm 
at  ditfiTL'iit  elevations,  but  tlie  valne  jtttt  givien  is  near  enough  to* 
the  truth  for  purposes  of  mechanical  engineerings  For  brevity's 
aalce,  it  is  usuully  denoted  by  the  symbol  i/;  so  that  if  at  a  given 
instant  the  velocity  of  a  btnly  is  r,  feet  per  B«cond,  and  if  its  own 
wei^t,  or  an  equal  force,  acts  fre«ly  on  it  in  tho  direction  of  ita 
Biotion  for  (  seconds,  ita  velocity  at  the  end  of  that  time  ¥rill  hava 


d  to 


V,^Vi+fft.. 


..(1.) 


k  If  the  acceleration  be  at  any  different  rate  per  second,  the  /ort« 
wy  to  produce  tiiat  aeoeleraCion,  being  the  retittaivx  <m  tAa 
g  bodtf  dag  to  the  accderatvmofthe  driren  body,bttwtihi  mtma 
'  nio  iht  driven  hodi/8  weight  u^titA  the  actual  rale  of  acede- 
are  to  the  rale  qf  aixtleratian  produced  hy  ffravily  acting 
(In  niBtrcs  per  second,  g  =  9'61  nearly.) 
b  oxjirces  this  by  symbols,  let  the  weight  of  the  driven  body  bo 
ied  by  W.     Let  its  velocity  at  a  given  instant  be  r,  feet  per 
d ;  and  let  tliat  velocity  increase  at  an  uniform  rate,  so  that 
a  instant  t  seconds  lat«r,  it  is  Vi  feet  per  second. 
WjjttJ  denote  the  rate  of  tioceletntionj  then 

/-^'i m 

I  tlte  force  £  uecesnry  to  prodnco  it  irill  be  given  by  the  pro- 
_/W  _  W  (f,  -  r,) 


I 


■  tosy. 


B  = 


W   . 


or  — ,  in  tlw  abore  expression,  is  called  the  mass  of  the 

■  hodj;  aad  bug  tlw  Booie  for  tha  same  body,  in  what  placo 
r  It  mam  he,  ia  kU  lo  tvprMent  the  gwonlitty  of  tmtlUr  in  tiw 
(Bm  A«ida  S77a.  |«ge  3ia) 

*  11a|Miilil^*  rf  IhnnMM  nf  ■  Viij  intn  i 


pounds  of  lost  work. 

The  heat  produced  by  friction,  when  hum 
useful  in  sol'tening  and  liquefying  imguentB; 
it  is  prejudicial  by  dccoiii]K)aing  the  ungnemta, 
by  softening  the  meiiil  of  the  bearings,  and  in 
tiire  BO  high,  as  to  set  fire  to  neighbouring  con 

Elxcessive  heating  iBprevented  by  a  constan 
of  a  good  unguentL  When  the  velocity  of  n 
or  five  feet  per  second,  the  elevation  of  temper 
with  good  tiitty  and  soapy  unguents,  40°  to  I 
good  mineral  unguents,  about  30^  The  «ffi 
the  efficiency  of  maohinea  wilt  be  conaide 
Section  IV. 

312.  w«ri><.rA«rd««th»i.(J.J/.,13,521-3: 
689,  691,  593,  595-7.)— In  order  that  the 
motion  may  be  changed,  it  must  be  acted  upon 
'with  a  force  in  the  direction  of  the  change  of  i 
is  proportional  directly  to  the  change  of  velod 
of  the  body  act«d  upon,  and  inversely  to  the  t 
ducing  the  change.  If  the  change  is  an  accelc 
velocity,  let  ths  lirat  body  he  called  the  drvoen  ■ 
the  driving  bodi/.  Then  tlie  force  most  act  np 
in  the  direction  of  jta  motion.  Every  force  I 
and  opposite  actions  between  a  p^r  of  bodtea,  t 
accelerates  the  driven  body  is  a  raialanM  oa  : 
body.     (See  Article  i^T,  page  329.) 

For  example,  dnring  the  commencemeitt  i 
piston  of  a  steam  euffine,  the  velocity  of  the  rw 
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instant,  is  called  its  momemxtm;  so  that  the  resistance  due  to  a 
given  acceleration  is  equal  to  the  increaae  of  momeniiwm  dknded  by 
the  time  whicJi  that  increaae  occupies. 

If  the  product  of  the  force  by  which  a  body  is  acoeleratedy  equal 
and  opposite  to  the  resistance  due  to  acceleration,  into  the  tim« 
during  which  it  acts,  be  called  impulse,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  increaee  ofmomenbian  ia  equal 
to  the  impulse  by  tohieh  it  ia  caused. 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 
It  varies  along  with  it     In  this  case,  the  value,  at  a  given  instant 

of  the  rate  of  acceleration,  is  represented  by/  =  -v^,  and  the  coi> 

rebponding  value  of  the  force  is 

/W      W     dv 

li=<-^  =—  .  ^ (4.) 

g         g      dt  ^  ' 

The  WOBK  PERFORMED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  Hmjaimmi 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  the  body,  molt^ed  bj 
the  increase  of  velocity,  and  divided  by  the  tune  whidi  that 
increase  occupies.  The  distance  moved  tiirough  is  the  product  ot 
the  mean  velocity  into  the  pame  time.  Therefore,  the  work  per- 
formed is  equal  to  the  mass  of  the  body  multiplied  by  the  incretae 
of  the  velocity,  and  by  the  mean  velocity;  that  h&yto  the  MOft  ^ 
the  body,  mvltiplicd  by  the  increase  of  the  iudfsquare  ofiU  vdoeUf. 

To  express  this  by  symbols,  in  tiie  case  of  an  nmfonn  nte  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  dixvea 
oody  during  the  acceleration;  then 

.=*-^'«; (5) 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  aood* 
eration. 


In  the  case  of  a  variable  rate  of  acceleration,  let  v  denote  the 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  tiiM 
dt  9o  short  that  the  increase  of  velocity  d  o  is  indefinitdj  flBM^ 
compared  with  the  mean  velocity.     Then 

ds  =  vdti (7.) 


'ELEIlATIOIf. 


idi  being  multiplied  by  equation  i,  gives  for  tlio  w 
■i™-  during  the  interval  d  I, 


id  the  inlegralum  of  this  expression  (aee  Article  U  a)  gives  fo* 
e  trorlc  of  acceleration  during  a  finite  interval. 


brit^  the  mme  with  the  resnlt  already  arrived  at  in  equation  6. 

Pram  eqoAtion  d  it  appears  that  (A«  uxmt  jxr/ormed  in  prodwrn^ 
«  ytrsn  aeoderalwn  depends  on  the  initud  and  final  vdocUieii,  v,  tmd 
T»  and  not  <m  lite  intermediate  elmnget  of  vdoeity. 

It  a  body  falls  freely  under  the  action  of  gravity  from  a  state  of 
icaC  tfafongh  a  height  h,  so  that  its  initial  velocity  is  0,  and  it«  final 
velon^  r,  the  work  of  acceleration  peiformed  hy  the  eiirth  on  the 
Indy  ia  tiniply  the  product  W  A  of  the  weight  of  the  Ixxly  into  the 
hoffit  of  &11.     Comparing  this  with  equation  6,  we  find — 


h  = 


2S" 


,..(10.) 


ni*  qoaatity  is  oiled  the  keight,  or  /ail,  dus  to  the  vdoatg  t  ; 
and  bom  equations  6  and  9  it  appears  that  the  iei»i  jperfarmd  in 
jiraJMfwij  «  jtMR  aeeiiertition  is  Ae  mume  uritk  that  performed  im 
MJti^  lie  driK»  body  tirtMigh  the  di^rmet  <^  tkt  lieighu  dtu  to  iU 


If  vwk  of  Meelentioa  is  perfoRDcd  bj  m  prime  mover  upon 
hitfM  »hich  ■ejthtr fawn  pntof  the  prime  mtmritidi^  nor  Mthe 
■aehoB  wUcb  it  im  hrtsnded  to  drive,  that  work  is  lost;  as  wImo 

II  ■■^ieiniiifiiws  ■lll^  iif  iiiiiJinliiM  mi  ihi  water  that  is 

■  perfofawd  on  tlie  noriag  fneces  of  tfca 
t  tte  macfamerjr  drivcK  b;  U,  is  not  nn^ 


e  have  tfacir  iiiliiiiliia  iscRMed  at  A* 

Md  IB  ecctiwalaag  Omb  m  Ae  ■■• 

•  of  wofkdw  to  the  mtn^ntiimotAm 
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The  process  of  finding  that  stun  is  fiunlitated  and  abridged  in 
certain  cases  by  special  methods. 

I.  Accelerated  Rotation — Mom/enJt  of  Inertia. — Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis; — that 
is,  as  explained  in  Article  46,  ihe  velocity  of  a  point  in  the  body 
whose  radius-vector,  or  distance  from  the  axis,  is  unity. 

Then  the  velocity  of  a  particle  whose  distance  from  the  ft^U 
Ibt,  is 

V  =  ar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  Oi  to  the  value  a„  the  increase  of  the  velocity  of  the 
particle  in  question  is 


V, 


-  i?,  =  r(a»  -  ai). 


.(3.) 


to 


Let  to  denote  the  weight,  and  -.  the  mass  of  the  particle  in  quea- 

9 
tion.     Then  the  work  performed  in  accelerating  it,  being  equal  to 

the  product  of  its  mass  into  the  increase  of  the  half-square  of  its 

velocity,  is  also  equal  to  the  product  of  its  maae  into  the  square  ofitt 

radius-vector,  and  into  the  increase  of  the  half-square  of  the  amgular 

velocity;  that  is  to  say,  in  symbols, 


to      vj-v?        tJOT*       oi  -  a\ 


.(4.) 


g  2  9  2 

To  find  the  work  of  acceleration  for  the  whole  body,  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocitiea  at  *ny 
given  instant,  and  also  their  accelerations,  are  proportioDal  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  foari 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  » 
obtained,  the  increase  of  the  half-square  of  the  angular  velocitr»» 
common  factor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  g  ^  32*3,  »  » 
common  divisor.  It  is  therefore  sufl&cicnt  to  add  together  ^F^ 
dtusts  of  the  toeight  of  each  particle  (w)  iTito  the  square  of  its  raH^ 
vector  (r*),  and  to  mtdtiply  the  sum  so  obtained  ?2  •  w  r*)  6y  <*«  «*^ 

crease  of  the  half  square  of  die  angular  vdoctty  (^  (aj  -  i^)J,  ^ 

divide  by  the  rate  of  acceleration  dtie  to  gravity  (g).     The  rew^ 
viz.: — 

!lzJl  I  =  ^LZJL'    .    2«7r- (5.) 

2      J  2g 

fs  tho  work  of  acceleration  sought     In  fact^  the  sum  2  irr*  i»  "• 
tceif/lU  of  a  body,  which,  if  concentrated  at  the  distance  UHiiy/r^ 


{- 

^  g 


MOKBIT  OF  £ 


:iS9 


tins  axU  of  rotation,  vxmid  nqtan  Ote  n^m  WMi 
itiareaxofaitgidarvtlocityiMtikOmaebiallodifwefmrm. 

This  term  HOUEiNT  OF  ISEKIU  ia  appBed  in  scbm      "'~ 
sum  I  to  r*,  and  m  others  to  the  cQTTeiqMUiding  m) 
For  purposes  of  mechanical  engineeriiig,  tbe  rub  3 
whole,  the  moat  coarenieat,  bamng  as  it  does  tba  a 
angnlar  accelcmtion  which  vxigl^  does  to  acoelentiaa  of  fiaear 
Telocity. 

—     -    •■        -~  f  jfcnn  Raditu  of*  raMbi«  bodj,  is » 

n  of  the  sqnnies  of  tbo  disbUKwa  of  itt 

;  aoA  its  ralne  is  giTeo  \tj  the  6ilknriiig 


The  Radiag  ofOyratio 
line  whose  square  ia  the  : 
particU-s  from  the  s 
wjualiou : — 


,..(5.) 


of  inertia  may  he  reprcaented  1^ 


B  for  the  weight  of  tko  whole  body,  tlift 


,..(7.) 


the  following  are  additional  roles  relating  to  moments  of  inertia 
and  tadii  of  gyration : — 

RcLB  II. — Given,  tho  moment  of  incrtiit  of  a  body  about  an 
axis  traversing  its  centre  of  gravity  in  a  given  direction;  to  find 
tta  moinent  of  iDertiu  iiixnit  anotlier  axia  parallel  to  tho  fint; 
Dinltiply  the  mass  (or  weight)  of  the  body  by  thu  square  of  the  per- 
|ieodic<ilar  distance  between  the  two  axes,  and  to  the  product  add 
the  givt^  moment  of  inertia. 

Bci£  IlL — Given,  the  separate  momenta  of  inertia  of  n  »et  of 
bodies  aboat  parallel  axes  tm  venting  their  several  centres  of  gravity ; 
nqoired,  the  combined  moment  of  iuertin  of  those  bodies  about  a 
uou  axis  parallel  to  their  sc[iarate  axcn ;  multiply  the  mass  (or 
^t)  of  each  body  by  the  square  of  the  perpendicular  dtstauce  of 
nbiD  of  gravity  from  the  common  axis ;  add  together  all  tho 
Beta,  and  all  the  separate  moments  of  iuLTtiaj  the  sum  will  be 
■  conbimcd  moment  of  inertia. 

Roue  IV. — To  find  the  square  of  the  radius  of  gyration  of  a 
f  about  a  given  axis;  divide  the  moment  of  inertia  of  the  body 
Hi  Um  givea  axis  by  the  mass  (or  weight)  of  tho  body. 
Sou  v. — Oiveo,  the  square  of  the  radius  of  gyration  of  a 
~  f  >linii>  MB  axis  trnversiDg  itd  centre  uf  gravity  in  a  given 
"  ■ ;  to  find  the  square  of  the  radius  of  gynitiiui  of  the  same 
Mat  aaotlwr  axia  parallel  to  the  first;  to  the  given  sjoan 
I   k*  afMW  of  tbe  perpendicuLir  distance  between  Uw  tvo 
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Table  of  Squabes  of  Radh  of  Gtratiov. 


Boot. 


L  Sphere  of  radius  r, 

IL  Spheroid  of  revolution — polar  semi- 
axis  a,  equatorial  radius  r, 

in.  EUipsoid — semi-axes  a,  (,  c, 

rV.  Si>herical   shell— external  radius  r, 
internal  r^, 

V.  Spherical  shell,  insensibly  thin — ^ra- 
dius r,  thioknesa  dr, 

VL  Circular  cylinder — ^length  2a,  radius 
r, 

VIL  Elliptic  cylinder— length  2a,  trans- 
verse semi-axes  b,  c, 

VUL  Hollow  circular  cylinder — ^lenffth  2a, 
external  radius  r,  internal  r, 

IX.  Hollow  circular  cylinder,  insensibly 
thin— length  2a,  radius  r,  thick- 
ness (fr, 

X.  Circular  cylinder— length  2a,  radius 
r, ; 

XL  Elliptic  cylinder— length  2a,  trans- 
verse semi-axes  b,  c, 

XIL  Hollow  circular  cylinder — ^length  2a, 
external  radius  r,  internal  r', 

XnL  Hollow  circular  cylinder,  insensibly 
thin— radius  r,  thickuftss  dr, 

XrV.  Kectangular  prigm— dimensions  2a, 
26,2c, 

XV.  Rhombic  prism— length  2a,  diagonals 
26,  2c, 

XVT,  Bhombic  prism,  as  above, 
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314.  C«aB«  af  PMCwdon— E^nimcBi  Slnitrti  PcnrfBlKnt— B«bItb- 
H  vtr-wbccL — In  calculalioDS  respecting  the  rolatioa  of  a  rigid 
hody  about  a  given  axia,  it  is  often  conveoient  to  conceive  that  for 
the  actual  bodj  there  is  snbstituted  ita  equivalent  siinplg  pendulian; 
that  is,  a  body  having  the  same   total  v 

mass,  but  concentrated  at  two  points,  of 
which  one  in  in  the  asis :  also  the  same 
statical  moment,  and  the  same  moment 
of  inertia. 

The  following  are  the  rules  for  d 


I,  To  find  the  centre  of  pcrcus 
a  given  body  turning  about  a  give 

In  fig.  243,  let  X  X  be  the  given  axis, 
and  G  the  centre  of  gravity  of  the  body. 
From  G  let  fall  G  C  perpendicular  to 
X  X.     Through  G  draw  G  D  parallel  Fig.  ^^3. 

to  X  X,  and   equal  to  the  radius  of 

Ityration  of  the  body  about  the  axis  G  D.  Join  C  D.  Then  will 
C  E  =  0  D  =  7G  D*  +  C  O*  =  the  radius  of  gyration  of  the 
body  about  X  X.  From  D  draw  D  B  perpendicular  to  C  D, 
catting  C  0  produced  in  B.  Then  will  B  be  the  centre  of  percus- 
■ion  of  the  body  for  the  axis  X  X 

G  D= 

To  find  B  by  calculation  j  make  G  B  =  Ywr  ' 

C  is  the  centre  of  percusaioti  for  an  axis  traversing  B  parallel  to 
XX. 

XL  To  convert  the  body  into  an  "  equivalent  simple  pendulum  '* 
for  the  axis  X  X,  or  for  an  axia  through  B  parallel  to  X  X ;  divide 
tlie  mass  of  the  body  into  two  parts  inversely  proportional  to  G  C 
and  G  fi,  and  conceive  those  parts  to  be  concentrated  at  C  and  B 
respectively,  and  rigidly  connected  together. 

(Let  W  be  the  whole  mass,  and  C  and  B  the  two  iiarts;  then 
„     WOB    n       WGC\ 

(The  "equivalent  simple  pendulum"  has  the  same  weight  with 
the  given  body,  and  also  the  same  moment  of  weight,  and  the  same 
moment  of  inertia,  with  the  given  body,  relatively  to  an  axis  in  the 
given  direction  X  X,  traversing  either  C  or  B.) 

III.  EquiKuieid  liing,oT EqaivaUnt  Fly-v>h«d,. — When  the  given 
axis  traverses  the  centre  of  gravity,  G,  there  is  no  centre  of  per- 
enwon.  The  moment  of  the  body's  weight  is  nothing,  and  its 
moment  of  inertia  is  the  same  as  if  its  whole  mass  were  concentrated 
in  a  ring  of  a  radius  equal  to  the  radius  of  gyration  of  tJie  body. 
That  ring  may  be  called  the  ■'  equivalent  ring,"  or  "  e^iiiTiiUtAi 
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315.  Redbiced  ia«ttia« — If  in  a  certain  machine,  a  moving 
piece  whose  weight  is  W  has  a  velocity  always  bearing  the 
ratio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  that 
when  the  driving  point  undergoes  a  given  acceleration,  the  work 
performed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  n'  W  had  been  concentrated  at  the  driving  point. 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  together,  the  sum 

2  •  n*  W (1.) 

gives  the  weight  which,  being  concentrated  at  the  driving  pointy 
woidd  require  the  same  work  for  a  given  acceleration  of  the  driving 
point  that  the  actual  machine  requires ;  so  that  if  Vi  is  the  initial, 
and  Vg  the  final  velocity  of  the  driving  pointy  the  wmk  of  accelera- 
tion of  the  whole  machine  is 

YLzJ^  .  Sn-W (2.) 

This  operation  may  be  called  the  reduction  of  the  inertia  to  the 
driving  point  Mr.  Moseley,  by  whom  it  was  first  introduced  into 
the  theory  of  machines,  calls  the  expression  (1.)  the  "  eo^ffidml  of 
^eadinessy^  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  masa  <^  esdi 
rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  ^ ;  so  that  if  v  repreoents  the 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
angular  velocity  of  the  rotating  piece  in  question,  we  are  to  makd 

«•  =  ^ (a) 

in  performing  the  calculation  expressed  by  the  formula  (1.) 

3 1 6.  8«mmar7  •f  Farions  Kindts  •f  ir«rk. — In  order  to  present  tft 
one  view  the  symbolical  expression  of  the  varioiis  modes  or  pezfixiB- 
ing  work  described  in  the  preceding  articles,  let  it  be  supposed  that  is 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  mores 
through  the  distance  ds;  that  during  the  same  time  its  emtte  d 
gravity  is  elevated  through  the  height  dh;  that  resistuioei,  asj 
one  of  which  is  represented  by  R,  are  overcome  at  points,  the  »• 
spective  ratios  of  whose  velocities  to  that  of  the  driving  point  are 
denoted  by  n ;  that  the  weight  of  any  piece  of  the  mechanism  is  W,tti 
that  n'  denotes  the  ratio  of  its  velocity  (or  if  it  rotates^  the  Fitk><^ 
the  velocity  of  the  end  of  its  radius  of  gyration)  to  the  vi^oeitjr  of 
the  driving  point;  and  that  the  driving  point,  whose  mean  v<kio9 


-  WORK — DETIATIKO  FOHCE. 


=  -J-.,  utidcrgoea  the  acci 
d  (Juriug  tho  iaterrol 


'lemtion  rlv.     Theu  tbo  whole  xaoris 


^ 


The  mean  total  ratitlance,  reduced  to  the  dritring  pofvi,  may  bo 
cMnputed  by  dividing  the  above  expreaaion  by  tho  motion  of  the 
driving  point  ds^svdt,  giving  the  following  result: — 


;t— .SW-i-SHR4 


...(2.) 


DcTlittag 


Section  IL — Of  Deviating  ami  CmtHfiiiial  Force. 

317.   neriBilBf  Force  orn  Hln«te  BodT'  (J.,  if .,537.) — It  is  part 

ttt  the  firrt  law  of  motion,  that  if  a  body  movos  wndcr  no  force,  or 
faolunced  forces,  it  movea  in  a  straight  line.     {A.  M.,  610,  512.) 

It  is  one  conaeqnenco  of  the  second  law  of  motion,  that  in  ortler 
thttt  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  nn  unbalanced  force  at  right  angles  to  the  directioa 
of  its  motion,  the  direction  of  tho  force  being  that  towards  which 
the  pkth  of  the  body  is  curved,  and  its  magnitude  bearing  the  sano 
nrtio  to  the  weight  of  tho  body  that  the  height  due  to  the  body's 
Telocity  bears  to  naif  the  radius  of  curvature  of  its  path. 

This  prindple  is  expressed  symbolically  aa  follows : — 

&lfn£uef      Height  ijoa 

"^'"/"'J''  ■■■■     ^     ■■     Q'^^. (I.) 

In  the  case  of  projectiles  and  of  Uie  heavenly  bodies,  deriating 
fcrc«  is  supplied  by  that  component  of  the  mutual  attniL'tiun  of 
two  masses  which  acts  perpendicular  to  tho  direction  of  their  rela- 
tive motion.  In  machincfl,  deviating  force  is  supplied  by  the 
■ttmgtb  or  rifpdity  of  some  body,  which  guides  the  revolving  mass, 
making  it  move  in  a  cun'c. 

A  pMr  of  free  bodies  attracting  each  other  have  both  deviated 
lootioiis,  the  attraction  of  each  guiding  the  other;  and  their  devii^ 
tkins  of  motion  relatively  to  their  conunon  centre  of  gmvity  a.TO 
invcnety  as  their  maascK 

In  A  machine,  each  revolving  body  tends  to  pre«a  or  dmw  the 
'y  which  guides  it  away  from  its  position,  in  a  direction  from 
e  centre  of  curvature  of  the  jiath  of  the  revolving  body ;  and  that 
"s  resisted  by  tho  strength  and  Rtiffiic.-s  of  the  guidtug 


I 


I 


ady,  and  of  the  Irume  with  which  it  vi 


ecUmI. 
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318.  Cencrirngai  Force  (A,  M,,  538)  is  the  foice  with  which  a 
revolviDg  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acttt 
on  the  revolving  body. 

In  fact,  as  has  been  already  stated,  every  force  is  an  action 
between  two  bodies ;  and  deviating  force  and  centrijugal  forte  are 
but  two  different  names  for  the  same  force,  applied  to  it  according 
as  the  condition  of  the  revolving  body  or  that  of  the  guiding  body 
is  under  consideration  at  the  time. 

319.  A  ReToiTing  Peadniam  is  one  of  the  simplest  practical  ampli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 
wards have  to  be  referred  to.  It  consistB  of  a 
ball  A,  suspended  from  a  point  C  by  a  rod  C  A 
of  small  weight  as  compared  with  the  ball,  and 
revolving  in  a  circle  about  a  vertical  axis  C  E 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  its 
centrifugal  force,  acting  horizontally ;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 


Fig.  244. 


height  B  C  weight  g  r 

radius  A  B  ~  centrifugal  force       «* 


...{1.) 


where  r  =  A  B.     Let  T  be  the  number  of  turns  per  second  of  the 
pendulum,  and  a  its  angular  velocity;  then 


and  therefore,  making  B  C  =  A, 

9^  _  9 


h  = 


V 


a 


2  -  4  ,2  X2 


=  (in  the  latitude  of  London) 


0-8154  foot      9-7848  inches 


T2 


rj^ 


...(I) 


320.   ]>CTiaUBg  Fmrce  In  Terms  •f  Aii«alar  ¥el«cltr*  UL.  IT,  MO.) 

— ^When  a  body  revolves  in  a  circular  path  round  a  nxed  ssds,  9$ 
is  almost  always  the  case  with  the  revolving  parts  of  machinei^  ^ 
radius  of  curvatui*e  of  its  path,  being  the  perpendicular  distance  of 
the  body  from  the  axis,  is  constant;  and  the  velocity  v  of  the  bo^ 
is  the  product  of  that  radius  into  the  angular  velocity;  or  fymboli- 
cally, 

V  =  ar  =  2  V  T  r. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equaUoii  1  o^ 
Article  317,  it  becomea — 


CEHTRIFUQAL  FOBCE  ABO  COUPLE. 

_       Wa^r     W-4x«  T*r 


..(1.) 


321.  itcnliam  CcMriraBni  Fokc.  (A.  Af.,  603.)— The  whole  ceu- 
trifvgal  foi-ce  of  a  body  of  any  figure,  or  of  B  syBtem  of  connecU'd 
bodies,  rotating  about  an  axis,  is  the  same  in  attuMint  and  direction 
MS  if  the  wliole  niasa  weie  concentrated  at  the  centre  of  «ravity  of 
the  Ej'sKtctn.  Thut  is  to  say,  in  the  formula  of  Article  32tt,W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  r 
the  perpendicular  distance  of  its  centre  of  gravity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
paralid  to  r,  although  it  does  not  in  every  case  coincide  with  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  sjaiem,  the  amount  of  the  centrifugal  force  is  nothing; 
that  is  to  say.  the  rotating  body  does  not  tend  to  pull  ita  axis  as  a 
whole  ont  of  ita  place. 

The  centrifugal  forces  eierted  by  the  varioua  rotating  piecea  of 
a  machine  against  the  bearings  of  their  axles  are  t«  be  token  into 
account  in  determining  the  lateral  pressures  which  cause  fnction, 
uid  tbe  strength  of  the  axles  and  framework. 

Ab  those  centrifugal  forccii  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  Tibration,  it  is  desirable  to 
r^lucu  them  to  the  smallest  possible  amount;  and  fur  that  purpose, 
unless  there  is  some  special  reason  to  the  contnuy,  the  axis  of  ro- 
tation of  every  piece  which  rolatea  rapidly  ought  to  traverse  its 
centre  of  gnivity,  that  the  resultant  centrifugal  force  may  bo  no- 
tbinff. 

^3.    GcatrtflijiiU  CMipIc— PrrmBHii  Ail*. — It  IS  not,  however, 

rafficient  to  annul  the  effect  of  centrifugal  force,  that  there  shouhl 
be  no  tendency  to  ttiifi  the  axis  as  a  whole;  there  should  also  he 


no  tendency  to  Iwm  it  into 

To  ahow,  by  the  simplest  pi 
dencT'  may  exist  without 
tbe  former,  let  the  axis  of 
raUtion  of  thu  system 
•hown  in  fig.  3i5  be  the 
rmXn  line  of  an  axle  rcet- 
iag  in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
fnject  perpendicularly  to 
tfaat  axle,  in  opposite  dircc- 
<io«M  in  the  same  plane, 
ouriTing  at  their  extremi- 
^JM  two  hca>7  bodies  A  and  C. 


ingular  positio 

mple,  that  the  btter  ti 


wcifhts  uf  the  anua  be 
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insensible  as  compared  with  the  wei^ts  of  those  bodies;  and  let 
the  weights  of  the  bodies  be  inversely  as  their  distances  firom  the 

axis ;  that  is,  let  

A  •  AB  =  0  •  C D. 

Let  AC  be  a  straight  line  joining  the  centres  of  gravity  of  A 
and  Cy  and  catting  the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  andC,  and  being  in  the  bsdb,  €be  resultant  centrifagpl 
force  is  nothing. 

In  other  words,  let  a  be  the  angnlar  velocity  of  the  rotitiaa; 
then 

The  centrifugal  force  eserted  on  the  axis  by  A 

g'  A   AB 

The  centrifugal  force  exerted  on  the  axis  by  C 

^         9        ' 
and  those  forces  are  eqnal  in  magnitude  and  oppoate  in  direetioa; 
GO  that  there  is  no  tendency  to  remove  the  point  G  in  any  diieo- 
tion. 

There  is,  however,  a  tendency  to  turn  the  axii  ab<nU  the  point  6, 
being  the  product  of  the  common  magnitude  of  the  eavple  of 
trifugal  forces  above  stated,  into  their  leverage ;  that  is,  the 

dicular  distance  B  D  between  their  lines  of  action.     That  ptodivt 
is  called  the  monierU  of  the  ceniri/ugal  couple;  and  is  represented  by 

QBD; ^L) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  osntri- 
fugal  forces. 

That  couple  causes  a  couple  of  equal  and  opposite  pressaies  of 
the  joumuls  of  the  axle  against  their  bearings  at  £  and  F,  in  tltf 
directions  represented  by  the  arrows,  and  of  ^e  magnifiMlA  gifcn 
by  the  formula — 

Q.l^.    ^ m 

these  pressures  continually  change  their  directions  as  the  boditf 
A  and  0  revolve ;  and  they  are  resisted  by  the  strengtii  si^ 
rigidity  of  the  beaiings  and  &am&  It  is  desirable,  when  pncti- 
cable,  to  reduce  them  to  nothing ;  and  for  that  poipoee^  the  poM 
B,  G,  and  D  should  coincide ;  in  which  case  the  oentra  line  of  ik0 
axlo  E  F  is  said  to  be  a  permanent  axis, 

When  there  are  more  than  two  bodies  in  tiie  lotatiiig  i^stHBi 
the  centrifugal  couple  is  found  as  follows  ;-* 


Let  X  S-,    ,   -      .      , 

"of  gnivily  of  tiiu  rotating  body  or  ayBtem,  situated 
tlut  the  reaoltaat  centril'ugul  force  is  nothiug. 

Let  W  bo  any  oua  of  the  parts  of 
which  tbf  body  or  syHtem  ia  oom- 
pofieil,  so  tliat,  the  veigtit  of  that 
part  being  denoted  by  W,  tho 
weight  of  the  whole  body  or  fivs- 
tem  may  bo  denoted  by  i  ■  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
tho  axis ;  then 


is  the  centrifugal  force  of  W,  pull-  Fig,  2(6. 

ing  the  axis  in  the  direction  x  W. 

AsBume  a  pair  of  axes  of  co-ordiiia(«s,  G  Z,  O  T, 
peipendicidar  to  X  X'  and  to  each  other,  and  fixed 
relatively  to  th«  rotating  body  or  system — that  is,    ' 
rotating  along  with  it. 

From  W  let  fall  W  y  perpendicular  to  the  plane 
of  O  X  and  G  Y,  and  parallel  to  G  Z  ;  also  W7, 
perpriidicuiur  to  the  plane  of  GX  and  QZ,  and 
|«tHlLol  to  G  Y  ;  and  make 

nen  the  centrifugal  force  which  "W  exerts  on  tls"  axia,  and  which 
ia  proportional  to  r,  mny  be  resolved  into  two  c<i  uponcnta,  in  tha 
disectiou  of,  and  proportional  to,  y  and  z  respecti^  ly,  viz.  i — 


Fl0.!17. 


?  parallel  toGY,  and 


IL^-pnmUeltoGZ; 


•kd  thoeo  two  component  forces,  being  both  applied  nt  the  end  of 
file  lorer  O  x^x,  exert  moniane«,  or  tendencies  to  turn  the  axia 
X.  X'  about  the  point  Z,  expressed  as  foUowa: — 

y^  '^'  V,  tandisg  to  turn  G  X  about  O  Z  torwarda  O  Y; 

9 
^"  "' "°,  tca^ng  to  tarn  G  X  about  QT  towards  Q  Z. 
g 
Jb  die  Mine  maimer  ore  to  be  found  the  serual  momentA  of  the 


i 
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centrifugal  forces  of  all  the  other  parts  of  whidi  the  body  or  systeiii 
oonsists;  and  care  is  to  be  taken  to  distingnisb  moments  which 
tend  to  tnm  the  axis  towa/rda  6  Y  or  G  Z  firom  those  which  tend  to 
turn  it  from  those  positions,  by  treating  one  of  these  daases  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  found  the  two  sums, 

-  •  S-Wyjc:  -  .  SW«a;> (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
turn  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 

In  fig.  247  lay  down  G  Y  to  represent  the  former  moment^  and 
G  Z,  perpendicular  to  G  Y,  to  represent  the  latter.  Then  the  dia- 
gonal G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Ce3VTRIFUGAL  Conpus,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  coa|^ 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  its 
angular  position,  are  given  by  the  equations, 

GM=/(OY«  +  GZ5);| 

tan^YGM  =  6Z-t-GY   j  

The  condition  which  it  is  desirable  to  fulfil  in  all  n^idly  rotedng 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  a  permemmd 
axis,  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  noUung; 
that  is,  when 

2Wya;r=0-  ^'W  zx  =  0,. (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  pennaiml 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  roond 
rapidly  with  its  shaft  resting  in  bearings  which  are  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing.  If  the  axis  is  noC 
a  permanent  axis,  it  oscillates;  if  it  is,  it  remains  steady. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  ths 
piece,  there  is  said  to  be  a  standing  balance;  wh^  it  is  aboa 
permanent  axis,  there  is  said  to  be  a  running  balance. 

Section  III. — 0/ Effort,  Energy,  Power,  and  Effidaney, 

323.  Ear«rt  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  direction  of  its  motion  (A.  M.,  511). 

If  a  force  is  applied  to  a  body  in  a  direction  tn%^"g  an  acots 


p 
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igle  with  the  direction  of  the  body's  motion,  the  component 
of  thftt  obliqae  force  along  the  direction  of  the  body's  motion  is  an 
effort.  That  is  to  say,  in  fig-  2-ta,  let  A  B  rRjireaent  the  direction 
in  which  A  is  moving;  let  A  F  repre-  __ 
sent  ft  force  applied  to  A,  obliquely  to  . 
that  direction;  from  F  draw  F  P  per- 
pendicular to  A  fi;  then  A  P  ia  the 
fiFort  dne  to  the  force  A  F.  The  trans- 
Terse  component  P  F  ia  a  lateral  force, 
]ik»i  the  tranaverse  component  of  the  obliqne  resisting  force  in 
Article  304.  

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  A  P  =  P,  the  Uteral  force  P~F  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  #,     Then 


Fig.  248. 


:';}. 


-{!■) 


334.  c*Bdiii«D  af  DBifiim  miwhl  (J.  M.,  510,  512,  637.) — Ao- 
conling  to  the  first  law  of  motion,  in  order  that  a  body  may  more 
tmiformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other ; 
■od  the  same  principle  holds  for  »■•  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  dirwtuM  of  a  body's  motion  varies,  bnt  not  the  v^ioaty, 
the  lateral  force  required  to  produce  the  change  of  direction  dejwnds 
on  the  principles  set  forth  in  Section  3;  bnt  the  conditioa  of  balance 
ttill  holds  for  the  forces  which  act  o^on^  the  direction  of  the  body's 
motioi),  that  is,  for  the  efftyrts  and  remslances;  bo  that,  whether  for 
a  idngle  body  or  for  a  machine,  the  condition  of  uniform  vdocily  is, 
that  the  effort*  gluUl  baianee  tke  ruistanea. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  tlie 
u^e  moving  pieces  of  which  it  couaists. 

It  can  be  shown  from  the  principles  of  statics  (that  is,  the  science 
Af  bakaccd  forces),  that  in  any  body,  system,  or  machine,  that  con- 
dition is  fnlfilled  when  tiie  mtm  of  the  proiiticU  o/lht  ^ortg  into  C/ie 
MEoeifiM  o/tfieir  renptetim  points  oj  action  u  eqaid  to  the  nan  oftfm 
fndtteU  of  Hi*  rexuAaiuxs  into  the  vdociiie»  oflhv  pointa  wAere  lAejf 


Thus,  let  «  be  the  velocity  of  a  drimng  point,  or  point  where  an 
tflbrt  P  is  applied ;  o'  the  velocity  of  a  xDoTking  point,  or  point  where 
•  raustanccR  is  overcome;  the  condition  of  unifonu  velod^  for  any- 
body, syiitcm,  nr  machine  is 

3-Pi.  =  i-Rt/ (1.) 

^LZf  tbero  be  only  one  driving  point,  or  if  the  velocities  of  nil  the 


I 
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birring  ranti  be  mEkt,  then  P  bong  tki  tiAid  c&K,  tin  npb 
fvoduct  P  V  may  be  put  in  in  plaee  of  tbe  flam  s  *  P  v;  ■rdnfii^ 

Hm  abo^e  equation  to 

Itefemng  now  to  Article  305ylet  tbe  madunebe  one  m  wbidiiiie 
eomparcUive  or  proportiancUe  TelodtiaB  of  all  the  pomtB  at  a  g^roa 
instant  are  known  independently  of  ibeir  abeolate 
the  construction  of  the  machine ;  so  that,  for  fnramplp, 
of  the  point  where  the  reaitanoe  £  is  o 
tbe  driviDg  point  tbe  ratio 


ibeTelodtf 
to  thaiof 


-=n; 


then  the  condition  of  nniform  speed  nay  be  tirai 

P  =  a  •  n  R; (31) 

that  is,  the  total  effbrt  ia  equal  to  the  man  of  the  reeidawoeBredmetii^ 
the  driving  pomL 

325.  Km— y^Piiiaiiai  smv-  {A^  M.,  514, 517, 593,  eea)- 
Energy  means  capadfy  fir  perfovmmg  work,  and  is  cxjpiMMd,  lib 
work,  by  the  product  of  a  force  into  a  apaoe. 

llie  eneigy  of  an  effort,  sometimea  called  ^pojemiwl  wwyf  *  (to 
distinguish  it  from  another  form  of  eneigy  to  be  afterwaidb  icfcmJ 
to),  is  the  produtf^  of^  effort  tnlo  the  dielemee  tki^pugk  tdUdl  it  if 
curable  oftuAimg,  Thus,  if  a  wei^t  of  100  poonda  be  plaottl  atu 
eleration  of  20  feet  above  the  ground,  or  above  the  kyweit  pha* 
to  which  tbe  circarastaocea  of  the  case  admit  of  iti  diw  wtnc 
that  weight  is  said  to  posacos  potential  energy  to  the  amoml « 
100  X  20  =  2,000  foal^ptmmdM;  whidi  meana,  that  in  dmomiiht 
from  its  actual  elevation  to  the  loweat  point  of  hsm  eomae^  tkt 
weight  is  capedde  ofperfovmimg  work  to  that  amoiuit. 

To  take  another  example,  let  there  be  a  reaervoir  tmiifiir"f 
10,000,000  gallons  of  water,  in  such  a  poaition  that  the  emtot« 
gravity  of  tl^  mass  of  water  in  the  reservoir  is  100  fiaet  ahofe  tht 
lowest  point  to  whidi  it  can  be  made  to  deawad  whila  araooaflf 
resistaiiee.  Then  as  a  gallon  of  water  wei|^  10  Ifai^,  the  wi^|^* 
the  store  of  water  id  100,000,000  Iba.,  which  be»g  mvUniM  tf 
the  height  through  which  that  weight  is  capable  of  actin|^  100  M 
gives  10,000,000,000  foot-pounds  for  the  potantial  mugjd^ 
weight  of  the  store  of  water. 

326.   FjWBlity  •rSacisy  BMMi  MdlW«ik  riiftMiil      ^"^ 

an  effort  actually  docs  drive  its  point  of  aj^cation  thro^  * 
certain  distance,  energy  to  the  amount  of  the  prodact  of  tbe  obrt 
into  that  distance  is  said  to  be  exerted;  and  the  potential  tuBtf!* 


n 
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■ue-tnergy  which  remaiiu  capable  of  hang  asoaitd,  is  to  lUal  ununut 


Wben  the  eoeigy  us  exerted  in  driving  &  maehinu  &t  an  unifom 
upeed,  it  U  tqttai  to  the  vxirk  pwformed. 

To  express  thia  algebraically,  let  t  denote  the  tirae  dnriug  which 
Uw  energy  is  exerted,  v  the  velocity  of  a  driving  |ioiut  at  wliich  an 
«abvt  P  is  applied,  *  the  distance  through  wliich  it  is  ilrivrn,  o'  tho 
velod^  of  aaj  working  point  at  which  a  reustance  R  ia  overconio, 
'  "  "  '  e  tkroa^  whidi  it  ia  driven;  then 
•  <;  /=r'f; 
1 1  of  Article  324  l^tlietiiua  (,  wo  4 
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-acceleration  cf  9  in  a  body  whose  weight  is  W,  when  the  lime  J I  in 
which  that  acceleration  is  to  be  produced  is  gi^en,  and  the  seoond, 
the  same  accelerating  effort,  when  the  diskmea  ds  ^  vdthk  whidi 
the  acceleration  is  to  be  produced  is  given  ^« 


p=^ 

9 

dv 

■  dt 

» • ••••• • 

w 

9 

vdv 
•    d»  " 

w 

-    "        '    • 

9 

d{^ 

2d$ 

a.) 


(i) 


Eeferring  next  to  Article  313,  page  357,  we  find  from  eqoatioDS 
5, 6,  and  7,  that  the  work  of  acceleration  corresponding  to  an  increase 
^  a  in  the  angnlar  velocity  of  a  rotating  body  whose  mameni  of 
inertia  is  I,  is 

l'd(a^     lada 

29  '"~r^ 

Let  dt  be  the  ftme,  and  di  =  adt  the  angvUar  nujUan  in  which 
that  acceleration  is  to  be  produced ;  let  P  be  the  aoceleoatinff  eAvt» 
and  I  its  leveragSy  or  the  perpendicular  distance  of  its  line  oFactioB 
£x>m  the  axis;  then,  according  as  the  time  dt^  or  the  angle  di^  u 
given,  we  have  the  two  following  expressions  for  the  aeedenimg 
couple: — 

pi  =  i.^ w 

g    dt  ^  ' 

I    ada     I    rf(a*)  .  . 

"  g'   di   "  g'  2di ^^^ 

Lastly,  referring  to  Article  315,  page  362,  equation  2,  wefind^tlitt 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  W  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  ff  bears  to  that  f£ 

the  driving  point  v  the  ratio  —  =  ^>  then  the  aooela«ting  effixi 

which  must  be  applied  to  the  driving  point,  in  order  that,  during 
the  interval  dt,  in.  which  the  driving  point  moves  througli  tb^ 
distance  da  =  v  dt,  that  point  may  undergo  the  aooelemtio&^Cf 
and  each  weight  W  the  corresponding  acceleration  ndv^hfp^ 
by  one  or  other  of  the  two  formulae — 


^      jn'W    dv 

g         dt'" 

aw'W    vdv     an'W 
g      '    da  '      g 

d{v^ 

2  da 

(5-) 
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Hr930.  WMk  DariBs  Betu-daUan— Ebcibt  flUtred  ud  BcMMed. 
(fi.  M.,  528,  5*9,  550,}— In  ordiir  to  cauHe  .a  given  retardation,  or 
duoiiiation  of  the  velocity  of  &  given  body,  in  a  given  time,  or 
"whilo-it  traverses  a  given  distance,  resistance  must  be  opposed  to 
its  motion  equal  to  the  effort  which  would  be  required  to  produeo 
in  the  same  dme,  or  in  the  Game  distance,  an  acceleration  equal  to 
tbi>  retardation. 

A  moving  body,  therefore,  while  being  retarded,  overcomei  r»- 
gUlance  and  perfonns  icork;  and  that  work  is  equal  to  the  eneiOT 
exerted  in  producing  an  acceleratioa  of  the  same  body  equal  to  t£fl 
retardation. 

It  is  for  tbia  reason  that  it  baa  been  stated,  in  Article  312,  that 
Um  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
<it  a  m&chino  is  not  necessarily  lost;  for  those  moving  pieces,  by 
tetumiog  to  their  original  speed,  are  capable  of  performing  an 
eqno]  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  such  work  is  not  prevented,  bat  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  tiored;  and  when  by  a 
■Bfaaequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
fbrmed,  that  energy  is  eaid  to  be  reatored. 

The  algebraical  exprcsaious  for  the  relations  between  a  retarding 
tcaisttuice,  and  the  retardation  whicb  it  produces  in  a  given  body 
hj  meting  during  a  given  time  or  through  a  given  apace,  are  ob- 
tained traax  the  equations  of  Article  329  siiiipiy  by  putting  R,  tho 
symbol  fur  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
—  t^  r,  the  Kymbol  for  u  retardation,  instead  of  d  v,  the  symbol  for 
tu  accelenitiuu. 

331.  The  A«iHl  E»rBT  {A.  M.,  547,  583)  of  a  moving  body  is 
tlio  work  which  it  is  capable  of  perfomiiug  against  a  retarding 
raditaDce  before  being  brought  to  rest,  and  is  equal  to  tho  euergy 
which  must  be  exert«d  on  the  body  to  bring  it  from  a  state  of  I'cst 
Ifl  it«  actual  velocity.  The  value  of  that  quantity  is  the  prodvel  of 
As  vxigkt  of  Uif  body  into  the  height  from  which  it  must  faii  to 
aejuire  it*  actual  velooUy;  that  is  to  say. 


..(1.) 


2y 

The  tote]  actual  energy  of  a  system  of  bodies,  cncli  moving  with 
ili  own  Telocity,  is  denoted  by 


t 


whra  those  bodies  are  the  pieces  of  a  machine,  whoso  velocities 
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bear  definite  mtios  (any  one  of  fMA  is  diotod  I17  fi^  to  tiie  ^vefe- 
dty  of  the  driving  point  v,  their  total  aoteai 


^  •  2n*^^ (S.) 


being  the  prodttct  qfihe  redtuxd  tnerUa  (or  oo-efficieafcof 
as  Mr.  Moselej  calk  it)  inio  ^  keighi  dm  to  tk§  tfdoaU^ 

Theactnaleneggy  of  a  rotating  body  idioaaangnlarTBlodiyM 
and  moment  of  inertia  a  W  r*  =  I,  is 

^. (4) 


velocity,  A,  qf  a  poinij  tehoee  distance  Jrom  tk§  oat  ^1 

When  a  given  amotmt  of  eaeargf  is  alteraaielf  slorad 
stored  by  alternate  increase  and  diminution  in  the  speed  cC  e  wm^ 
chine,  the  actaal  energy  of  the  maddne  is  altematdjiBflraaaadand 
diminished  by  that  amonnt. 

Actual  energy,  like  motion,  is  reiatine  only.  TlMit  is  to  a^,  ia 
compnting  the  actual  energy  of  a  body,  whioli  is  tbe  ea|asiiy  it 
possesses  of  performing  wc»k  npon  certain  other  bodiee  by  leam 
o/its  motion,  it  is  the  motion  reUUwdy  to  tkom  ctktr  bodim  llni  ii 
to  be  taken  into  accoimt. 

For  example,  if  it  be  wished  to  determine  how  maagr  torn  a 
▼heel  of  a  locomotiTe  engine,  rotating  with  a  given  veledlgr,  eoaH 
make,  before  being  stopped  bff  theJf?Btion  <^it§  tertefe  eidji!^  i^^ 
posing  it  lifted  out  of  contact  -with  the  rails, — the  eefeul  tmaffd 
that  Wheel  is  to  be  taken  rdatHvd^  to  iksfimm  pf  tko  mtgim  Ii 
which  those  bearings  are  fixed,  and  is  simply  the  actaal  eaeigy  dv 
to  the  rotation.    But  if  the  wheel  be  soppoMd  to  be  defcadnd  ftiB 
the  engine,  and  it  is  inquired  how  high  it  vaiU  cuomd  tip  a  ptrfidis 
smooth  incUned  plane  be/ore  betng  stopped  by  the  aUraetioH  i/At 
earth,  then  its  actual  eneigy  is  to  be  taken  relatively  to  the  emA; 
that  is  to  say,  to  the  eneigy  of  rotation  already  mentioDedy  is  to  bs 
added  the  energy  due  to  the  translation  or  fcawewl  motni  if  A* 
wheel  along  with  its  axis. 

332.  A  Reciprocatiac  FMrc«  {A.  M,,  556)  is  a  foroe  which  acU 
alternately  as  an  effort  and  as  an  equal  and  opposite  retiiiitanwi, 
according  to  the  direction  of  motion  of  the  body.  Sndi  a  fbioe  ii 
the  weight  of  a  moving  piece  whose  centre  of  gravity  altonaMf 
nsea  and  fidls;  and  sa(£  is  Uie  elasticity  of  a  perifBctljy  ehscio  hoif 
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The  wort  which,  a  body  perfonna  in  moving  against  a  reciprocating 
force  is  employed  in  increasing  its  own  potentkl  energy,  and  is  not 
lost  by  the  hody;  so  that  by  the  motloD.  of  a  body  alternately 
uffunil  Bud  with  a  reciproootitig  force,  energy  ia  vlored  and  re- 
Mumi,  OB  well  a»  by  alternate  accelenitioa  and  retardation. 

LM  3  W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  amy  machiue,  and  k  a  height  through  which  the  common  centre 
of  pwrity  of  them  all  is  alternately  raised  and  lowered.  Then  tha 
quuitity  of  energy —  &  I  W 


r,  and  restored  while  it 


ii  atored  while  the  centre  of  gravity  i^ 
ii  falling 

Thens  princtplea  me  iUugtrated  by  the  action  of  the  phingers  of 
a  Eingle  acting  pumping  steam  engine.  The  wei^t  of  those 
plmigera  acts  as  u  resiatuace  while  they  are  being  lifted  by  the 
|gtMuie  of  the  stesm  on  the  pstoni  and  the  Eame  weight  acts  oa 
cflbrft  when  the  plnngcrs  descend  and  drive  before  them  the  water 
witti  which  the  pomp  barrels  have  been  filled.  Thua,  the  energy 
anted  hj  th*  steam  on  the  jrietoa  ii  stored  during  the  up-rtroke 
«f  the  plnngerB ;  and  during  tneir  dowH'Stroke  the  sume  amount  of 
WM'gy  is  Tntnre*},  and  enipleyvd  in  performing  the  work  of  raising 
watar  and  onrcoming  its  friction. 

33a.  Mri*«ieai  nMto»  (A.  M.,  553.>--:'lf  a  body  movosio  aaoh 
a  manner  that  it  periodically  returns  to  its  original  velocity,  tbeit 
at  the  end  of  eacli  period,  the  entire  variation  of  its  actual  energ]'' 
ii  nothing ;  and  if,  during  auy  part  of  the  period  of  motioB,  energy 
Iwi  bean  stored  by  acccU-ration  of  the  body,  the  same  quantity  of 
wwgy  exactly  most  have  been  during  another  part  of  the  period 
EMtorod  by  retordutiou  of  tha  tiudy. 

If  th«  Iwdy  ahto  returns  in  the  cutirsi.of  the  same  period  to  tho 
■ma  position  relatively  to  all  bodies  which  exert  reciprocating 
tmoB^  on  it — for  example,  if  it  returns  periodically  to  tho  maat> 
\  tvlatively  to  tlie  earth's  surface — any  quantity  of  eDeixy 
aiL  been  stored  during  one  part  of  the  period  by  moviog 
%  rrciprocating  foi'ces  must  have  been  esactly  rtwtored  during 
r  part  of  the  period 

Uanc*  at  lAe  endo/each  period,  th«  equalUtf  ofeiteryt/  and  vxrrk, 
amd  tAe  Udajux  0/  mean  effort  and  mean  resistance,  holtU  toiA 
rttptet  10  tfm  drijring  effort  and  the  reguUtTUXi,  exadhf  aa  if  the  ipeed 
■m  vni/ona  and  the  reciproaxting  Jbreet  ladl;  and  all  the  vqna- 
tioiia  of  Artieles  324  and  336  are  applicable  to  periodic  motion,  pro- 
vided Ll»tiathee<itiationsof  Article  324,  and  equation  1  of  Article 
338,  P,  It|  and  v  are  held  to  denote  the  mean  VKi-uet  of  the  e1K>rt«^ 
mutsnccn,  and  velocities, — tliut  a  and  a'  are  held  to  denote  apftces 
ne  or  more  tntira  p9riod$, — and  that  in  9 
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tion  2  of  Article  326,  the  integrations  denoted  hj  J  he  held  to 

extend  to  one  or  more  entire  periods. 

These  principles  are  illustrated  by  the  steam  engine.  The  Telo- 
cities  of  its  moving  parts  are  continually  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc- 
tion. But  at  the  end  of  each  period,  called  a  rwoluiionf  or  doubl&' 
stroke,  every  part  returns  to  its  original  position  and  velocity ;  so 
that  the  eqwdUy  of  energy  and  toorX,  and  the  equaliiy  of  the  mean 
effort  to  the  mean  resistance  redtioed  to  the  driving  pointy — that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — ^hold  for 
one  or  any  whole  number  of  complete  revolutions,  exactly  as  for 
uniform  speed. 

It  thus  appears  that  (as  stated  at  the  commencement  of  this 
Part)  there  are  two  fundamentally  different  ways  of  considering  a 
periodically  moving  machine,  each  of  which  must  be  employed  in 
succession,  in  order  to  obtain  a  complete  knowledge  of  its  work- 
ing. 

"  I.  In  the  first  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  the  relation  between  the  mean  resistances  and  mean  efiforts, 
and  of  the  efficiency;  that  is,  the  ratio  which  the  use/ul  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodicaL 

"  II.  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period,  in  order  io 
determine  the  law  of  the  periodic  changes  in  the  motions  of  tbe 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  rec^ 
rocating  forces  by  which  such  changes  are  produced." 

334.  mmtth^i  and  8c«rpiiif.  {A.  if.,  691.)— The  starting  <d  ^ 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  sikI 
bringing  it  up  to  its  proper  mean  velocity.  This  operation  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mam 
resistance,  of  an  additional  quantity  of  energy  equal  to  the  aetail 
energy  of  the  machine  when  moving  with  its  mean  velocity,  •* 
found  according  to  the  principles  of  Article  331,  page  373. 

If,  in  order  to  stop  a  machine,  the  effort  of  tiie  prime  morcr  v 
simply  suspended,  the  machine  will  continue  to  go  until  work  litf 
been  performed  in  overcomii^g  resistances  equal  to  the  actual  eoaff 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  tSof^ 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  opeiatioQ,  the 
"Stance  may  be  increased  by  means  of  the  friction  of  a  brst^ 
Brakes  will  Ihj  further  described  in  the  sequel. 
335,  The  eoicIcmct  of  a  machine  is  a  fraction  expressing  the  ratio 
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of  tbe  useful  irork  to  the  whole  wori,  which  is  equal  to  the  energy 
expended.  The  CotNTER-EFFianiCT  is  the  reciprocal  of  the 
eflScieacy,  and  is  the  ratio  in  which  the  energy  expended  is  ^cater 
than  the  useful  work.  The  object  of  imjirovementa  in  uMchines  is 
to  bring  their  efficiency  and  counter-efficiency  as  near  to  nni^  as 

Ab  to  useful  and  lost  work,  see  Article  30a  The  algehtaical  ex- 
pression of  the  efficiency  of  a  machine  having  uniform  or  periodical 
motion,  is  obtaine<1  by  introducing  the  distinction  between  naeful 
and  lost  work  into  the  equations  of  the  conservation  of  cnei^. 
Thus,  let  P  denote  the  mean  effort  at  the  driring  point ;  s,  the  space 
deacribed  by  it  in  a  given  interval  of  time,  being  a  whole  nurober 
of  periods  of  revolutions;  Rj,  the  mean  useful  resistance;  a^,  the 
i^iace  through  which  it  is  overcome  in  the  same  interval;  Rj,  any 
one  of  the  wasteful  resistances;  >»,  tlic  space  through  which  it  is 
oreroome;  then 

"  P*  =  K,f,  +  2  •  E,*.; (1.) 

i  the  efficiency  of  the  machine  is  expressed  by 
E,. 


"K,.,  +  , 


R,< 


■W 


I  many  cases  the  lost  work  of  a  machine,  R,  a^  consists  of  a  oon- 
mt  part,  and  of  a  part  bearing  to  the  useful  work  a  proportion 
pending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
mt,  and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
'« the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
gr  expended  and  the  efficiency  of  the  machine  are  ezpieBned  by 

Pi  =  (l+A)B,.,+  B;l 


1  +  A  +  , 


...(3.) 


■  fint  of  these  is  the  mathematical  expreaaion  of  what  Mr. 
Vcilla  the  "  modulns"  of  a  machine. 

tl  work  of  an  intermediate  piece  in  a  train  of  mechaiuBDi 

I  driving  the  piece  which  follows  it,  and  is  less  than  the 

■rted  upon  it  by  the  amount  of  the  work  lost  in  overcom- 

n  friction.     Hence  the  efficiency  of  such  an  intermciliato 

•  ia  tfw  ratio  of  the  work  performed  hy  it  in  driving  the  follow- 

B  P"*"^  *^  *»  *°**^  exerted  on  it  by  the  preceding  piece ;  and  it 

'lort  diat  A«effiaeneyofa  madiinaitOa  pn^xui of  Iha  ejt- 

m^UMt^o/mtminypieufvikiclHrantmit  energy  from  Iha 

^pMtUtlAeworlaagpmni,    The  same  principle  applies  to  a 
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tnln  of  aneewms  fiMcAtiMi,  eaeh  drmiq^thaii  wluchMkrani  it;  and 
to  coimter-efficieiicj  as  well  as  to  ^fficMocyi 

336(.  F*wcv  ■■«  Bftiii  o— wgairea — The  jjWJT  qtf  a  laaftliiiMi 
is  the  eiuvgy  exerted^  and  tiie  <2^c^  the  useful  noork  psifbniied,  m 
soma  interral  of  tune  of  dafinitfr  lengthy  sachaaaseooiMlj  a  nmrnte^ 
an  hour,  or  a  day. 

The  unit  of  power  called  oonTentionally  a  Auntt/nmsi,  is  550 
foot-pounds  per  seoond,  or  33,000  fooi-poands:  per  mimifts^  or 
1,980,000  foot-pounds  per  hour.  l%e  effect  is  e^onl  to  ^e  pewi« 
multiplied  by  tiie  efficiency;  and  the  power  is  equai-te  the  efleel 
multiplied  by  the  counter-effieieney.  Ttub  loss  of  power  is  the  di^ 
ferenoe  between  the  effect  and  the  power.  As  to  ike  FreBsii 
**  Force  de  Oheyal,"  see  Article  299,  page  339.  It  ia  e(|oal  to 
0*9863  of  a  British  horse-power;  and  a  Biitish  horse-power  ii 
1*0139  force  de  chevaL 

337.  OenenU  Kq«iti«B. — The  following  general  equatioD  pre- 
sents at  one  view  Hie  principles  of  the  action  of  machines^  whether 
moving  uniformly,  periodically,  or  otherwise : — 

where  W  ia  the  weight  of  any  moving  piece  of  the  maehine; 

ht  when  positive,  the  elevation,  and  when  n^^tive,  the  deptee 
sion,  which  the  common  centre  of  gravity  of  all  the  movii^  pieces 
undergoes  in  the  interval  of  time  under  oonsidefation ;  v.  the 
velocity  at  the  beginning,  and  v^  the  velocity  at  the  end^  of  the 
interval  in  question,  with  which  a  given  particle  of  the  w**^fciw^  of 
the  weight  W  is  moving; 

g,  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second,  or  9*81  metres  per  second. 


! 


R  d  s',  the  work  performed  in  overcoming  any  resistanoe  darii^ 
the  interval  in  question ; 

T  d  8,  the  energy  exerted  during  the  interval  in 


/^ 


The  second  and  third  terms  of  the  right-hand  side,  when  poativci 
are  energy  stored  ;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  ejqpreaed  in  wosk 
as  follows : — 

Tlie  energy  eoeertedf  added  to  Uys  energy  restored,  tt  eguaZ  fo  A 
energy  stored  added  to  the  toork  performed, 

338.  Til*  Pitecipto  •£  TivtMa  viiiiiiiM>  whsiL  apidied  to  ^ 

nniCvrm  motion  of  a  machine,  is  expressed  by  equatiMiS  of  AsM^ 

Iready  given  in  page  369;  or  in  words  as  follows: — ffti^f^ 

'  to  the  sum  ofikt  resistances  reduced  to  the  di'mfmi  piti; 
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th&t  is,  each  multiplied  by  the  ratio  of  the  velodtj  of  its  wotkiiig 
point  to  the  Telocity  of  the  driving  point  The  tame  prtnciptft, 
when  applied  to  reciprocating  Eorcea  und  to  re-actiona  dtie  to 
Tmtying  speed,  ai  well  ae  to  paairive  reaistances,  ia  expreaaed  bj- 
DMus  of  &  modified  form  of  the  general  equatioD  of  Artide  337, 
obtuned  in  the  following  manner: — Lat  n  denote  either  the  nttio 
borne  at  a  given  instant  by  the  velocity  of  a  given  working  point, 
where  the  resistance  R  ia  overcome,  to  the  velocity  of  the  driving 
point,  or  the  mean  value  of  that  ratio  during  a  given  interval  of 
titnai  let  n"  denote  the  correaponding  mtio  tor  the  vertical  ascont 
<ir  descent  (according  as  it  is  poaitivs  or  negative)  of  a  moving 
BMOe  whose  weight  is  W;  let  it'  denote  the  eorresponding  mtio 
tor  th»  mean  velocity  of  a  mass  whose  weight  ia  W,  undergoing 

■oceleration  or  retardation,  and  -—    either  the  rat«  of  accelcratioa 

dl 
of  that  mass,  if  the  calculation  relates  to  an  inatant,  or  the  mean 
vgJne  of  that  nit«,  if  to  a  finite  int«rval  of  time.     Then  the  effiirt 
at  the  inatant,  or  the  mean  effort  daring  the  given  interval,  as  thft 
aae  may  be,  is  given  by  the  following  equation : — 

I  ^  Um  mdo  n',  which  the  velocity  of  the  mass  W  bean  to  that  of 
j_!_-  ■   .   •  ...  ^dlf     ntiv      ,         dv 

t  airing  point,  is  constant,  we  may  put    ,— =  ~j~i~'  '■'here    .  - 

a  the  rate  of  acceleration  ol'  the  driving  point;  and  then  the 
i  term  of  the  foregoing  oxpresKion  bcoomea     j ,  -  '  "'*  ^i "  in 
a  3  of  Article  316,  page  363. 

33S.    Wvnaa  !■  Ik*  IWiiihiiBlipl  P«nin.  kbI*«1^  VrtMUn— rM» 

Mbm. — The  ntechanical  powera,  considered  as  means  of  moHifying 
■alion  only,  have  been  considered  in  Articles  221  to  231,  pages 
L  Sll  to  234.  When  friction  is  neglected,  any  one  of  the  mechan- 
1  powsn  may  be  regarded  as  on  uni/ortnljf-momnef  simple 
'  lU,  m  itiiCch  one  effort  baiamce*  one  rentttniM;  and  in  which, 
juently,  according  to  the  principle  of  virtnal  velocities,  or 
fttha  equality  of  energy  exerted  and  work  done,  tht  fffirrt  and 
M  ate  to  eath  other  invereely  a*  Md  tvlociliei  aloiit/  Uiair  line) 
«  ^  the  poaUe  tohere  t/iey  are  applied. 
Eln  the  older  writings  on  uiachiuiica,  the  effort  ia  called  tha 
w,  aad  the  resistance  the  leeli/ht;  bat  it  ia  deairable  to  avoid 
kBM  of  the  word  "power"  in  this  sense,  bacaase  of  its  being 
HiuBonly  used  in  a  different  sense — vis.,  the  rate  at  which 
'  ia  exited  by  a  prima  mover;  and  the  substitution  ot 
"  '  r  "  weight "  ia  made  in  order  to  cxpT«aa  Aiua  " 
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tbat  the  principie  just  stated  implies  to  tlie  overoomiDg  of  all  sorts 
of  resistsnoe,  and  not  to  tlie  liftmg  of  weights  only. 

The  weight  of  the  moving  piece  itself  in  a  mechanical  power 
may  either  be  wholly  supported  at  the  bearing,  if  the  piece  is 
balanced;  or  if  not^  it  is  to  be  regarded  as  divided  into  two 
pandlei  components,  one  sapported  directly  at  the  bearing,  and 
the  other  bcong  included  in  the  effort  or  in  the  resistance,  as  the 
case  may  be. 

The  relation  between  the  efifort  and  the  resistance  in  any 
mechanical  power  may  be  deduced  from  the  principles  of  statics; 
Tiz. : — ^In  the  case  of  the  lbver  (including  the  tohed  and  axUt\  from 
the  balance  of  couples  of  equal  and  opposite  moments;  in  the 
case  of  the  ixcliked  plane  (including  the  wed^e  and  the  wcrew)^ 
from  the  paraUelogram  of  forces ;  and  in  the  case  of  the  pulley, 
from  the  composition  of  parallel  forces.  The  principle  of  virtual 
velocities,  however,  is  more  convenient  in  calculation. 

The  kdal  load  in  a  mechanical  power  is  the  resultant  of  the 
effort,  the  resistance,  the  lateral  components  of  the  forces  acting  at 
the  driving  and  working  points,  and  the  weight  directly  carried  at 
the  bearings ;  and  it  is  equal  and  directly  opposed  to  the  le-action 
of  the  bearings  or  supports  of  the  machine. 

By  the  purchase  of  a  mechanical  power  is  to  be  nndentood  the 
ratio  borne  by  the  resistance  to  the  effort,  which  is  equal  to  the 
ratio  borne  by  the  velocity  of  the  driving  point  to  that  of  the 
working  point.  This  term  has  already  been  explained  in  oonnee- 
tion  with  the  pulley,  in  Article  201,  pages  215,  216. 

The  following  are  the  results  of  the  principle  of  virtual  velocities, 
as  applied  to  determine  the  purchase  in  the  several  mechanical 
powers : — 

L  Lever. — The  effort  and  resistance  are  to  each  other  in  the 
inverse  ratio  of  the  perpendicular  distances  of  their  lines  of  action 
from  the  axis  of  rotation  or  frilcmm;  so  that  the  purchase  is  the 
ratio  which  the  perpendicular  distance  of  the  effort  from  the  axis 
bears  to  the  perpendicular  distance  of  the  resistance  from  the  sjxl 

Under  the  head  of  the  lever  may  be  comprehended  all  tuning 
or  rocking  primary  pieces  in  mechanism  which  are  connected  with 
their  drivers  and  followers  by  link  work. 

II.  Wheel  and  Axle. — The  purchase  is  the  same  as  in  the  otse 
of  the  lever;  and  the  perpendicular  distances  of  the  lines  of  actioa 
of  the  effort  and  of  the  resistance  from  the  axis  are  the  radii  of  the 
pitch-circles  of  the  wheel  and  of  the  axle  respectively. 

Under  the  head  of  the  wheel  and  axle  may  be  oomprdbended 
all  turning  or  rocking  primary  pieces  in  mechanism  which  ars 
connected  with  their  drivers  and  followers  by  means  of  roDiiig 
contact,  of  teeth,  or  of  bands.    By  the  '<  wheel "  is  to  be  ondnttood 
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the  pitcb-cyliDder  of  that  part  of  the  piece  which  is  driven  ;  and  by 
the  "axle,"  the  pitch-cylinder  of  that  part  of  the  piece  which  drivei. 

ni.  Inclined  Plane,  and  IV.  Wedqe — Here  the  purehase,  or 
ntio  of  the  resifitancc  to  the  effort,  is  the  ratio  borne  liy  the  whole 
Telocity  of  the  sliding  body  (rfpresented  by  BC  in  fig.  1G5,  page 
233,  and  Ce  in  %  166,  page  S34)  to  that  component  of  the 
velocity  (reprenented  by  B  D  in  fig.  1C5,  page  233,  and  C  e  in  fig. 
166,  {lage  234)  which  m  directly  opposed  to  the  reNiEttunce:  it 
being  underatooil  that  the  effort  is  exerted  in  the  direction  of 
motion  of  the  sliding  body. 

The  t#rin  indined  plana  may  be  used  when  the  resistance  to 
the  notion  of  a  body  that  slides  along  a  guiding  surface  consiata 
of  its  own  weight,  or  of  a  force  applied  to  a  point  in  it  by  means 
of  a  link;  and  the  term  inoige,  when  that  resistance  consiHts  of  a 
preasure  applied  to  a  plane  surface  of  the  moving  body,  obliqua 
to  ita  direction  of  motion. 

V.  ScEEW. — Let  the  resistance  (R)  to  the  motion  of  a  screw 
\»  a  force  acting  along  its  axis,  and  directly  opposed  toitsadvaace; 
*nd  let  the  effort  (P)  which  drives  the  screw  be  applied  to  a  point 
rigidly  attached  to  the  screw,  and  at  the  distance  r  from  the  axis, 
aad  be  exerted  in  the  direction  of  motion  of  that  point.  Then, 
trliile  the  screw  mk.keB  one  revolution,  the  working  point  advances 
it  the  resistance  throngfa  a  distance  equal  to  the  pitch  (p); 

il  at  the  same  time  the  driving  point  moves  in  ita  helical  path 
tlinnigh  the  distance  J  (4it*r*  +  p*);  therefore  the  purchase  of 
the  screw,  neglecting  friction,  is  expressed  as  fallows: — 


I 


length  of  one  coil  of  path  of  driving  point 

TI.  Ptllxt.  (See  Articles  200  and  201,  pages  2U  to  216.)— 
la  the  pulley  without  friction,  the  purchase  is  the  ratio  borne  by 
the  HHJiHiiii  which  opposes  the  advance  of  the  mnning  block  to 
Ihfl  affbrt  exerted  on  the  hanling  part  of  the  rope;  and  it  w  «x- 


d  with  the  fix« 

TIL  Th«  HTDBAtHJC  Pkesb,  when  friction  is  neglected,  maj 
be  iaclwled  amongst  the  mechanical  powen,  agtceably  to  the 
dcftaitioa  of  them  given  at  the  beginning  of  this  Article.  By  the 
naataiwa  is  to  be  nnderBtood  the  force  which  opposes  the  ootwaid 
■otioa  of  the  preas-plnnger.  A,  £g.  159,  page  224;  and  by  the 
(Art,  the  tomb  which  drives  inward  the  pump-ptuoger.  A'.  The 
iMttniHy  of  the  proKiR  exerted  between  e«oh  of  tl»tnn»  ^knAQOEk 
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and  ihe  fluid  is  ilie  same;  therafare  tiie  tiiKNiiit  i£  Vm  pnmmn 
exerted  between  each  plunger  and  the  fluid  ia  pcoportaciiial  to  the 
area  of  that  phmger;  so  tlat  iiie  parohaae  cf  iifte  hydiaiilic  pioB  is 
expressed  as  fbUows : — 

R     A       transverse  area  of  preBS-|diniger  ^ 
P  "^  A'  ~~  transverse  area  of  pump-plonger  ' 

and  tbis  is  tiie  reciprocal  of  the  mtio  of  liie  iFelocitaes  of  tliQae 
plungers,  aS  already  shown  in  Article  209,  page  289L 

The  purchase  of  a  train  of  mechanical  powen  la  tbe  pvodaet  of 
the  parchases  of  the  several  elementaxy  puts  of  that  tnni. 

The  object  of  prodncmg  a  pnrohase  ezpmned  hj  a  niimbar  ftifffi 
l^an  unity  is,  to  enable  a  reatstaaoe  to  be  oweBeomehy  metam  of  an 
effort  smaller  than  itself,  but  acting  through  a  gECKtcr  <firtaaoe; 
and  the  use  of  such  a  pnrchase  is  found  diiefly  in  w**^^**"*—  diinsn 
by  muscular  power,  because  of  the  effort  being  Itmitod  in  smonal 

Section  IY. — Of  Dynamameten. 

340.  PynnM.ieitw  are  instruments  for  measuriiq^  acnd  noocdii« 
the  energy  exerted  and  work  performed  by  tn^i^Kit*^  Thef  may 
be  classed  as  follows : — 

L  Instruments  which  merely  indicaie  the  form  exerted  betwieen 
a  driving  body  and  a  driven  body,  leaving  the  tfirfimf  ihioagk 
which  that  force  is  exerted  to  be  observ^  indepoBdoiifclj.  Ihe 
folio wiug  are  examples  of  this  class : — 

a.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balancf 
the  resistance,  as  in  Scott  Russell's  experiments  on  the  resisttnce 
of  boats.     {Edin.  Trans. ^  xiv.) 

b.  The  weight  of  a  column  of  liquid  may  be  employed  to  balaooe 
and  measure  the  effort  required  to  drag  a  caniege  or  other  bodj, 
as  in  Milne's  mercurial  dynamometer. 

c.  The  available  energy  of  a  prime  mover  may  be  wholly  ex- 
pended in  overcoming  fnctioa,  which  is  measuied  by  m,  veigh^  ** 
in  Prenyls  dynamometer  (described  further  on). 

d.  A  spring  balance  may  be  interposed  between  m  prise  moff 
and  a  body  whose  resistance  it  overoomea. 

II.  Instruments  which  reoord  at  onoe  the  farw^  wrffon,  vA 
work  of  a  machine,  by  drawing  a  line,  atcaight  or  omred,  es  tk 
case  may  be,  whose  abacissR  rejiresent  the  difltanoea  naoTed  thfo^ 
its  ordinate  the  resistances  overcome,  and  its  niea  the  weik  ^ 
formed  (as  in  6g.  241,  page  346). 

A  dynamometer  of  this  class  oonaists  ennnntislly  of  two 
parts:  a  spring  whose  deflection  indicatea  the foBoe ezaciei 
a  driving  body  and  a  driven  body;  and  it  band  of  pep«^  or  a  omA 
moringst  oghtnogleB  to  the  direction  ef  dofleetun  of  At  ^/am 


SmAMOKVIKBa.  SW 

witii  a  velodty  besnng  a  known  ocmiitaiit  proporLion  in  tbn  viiln- 
eity  with  which  the  renst&nce  is  overoome.  'llie  aprluK  (mitIm  • 
pen  or  pencil,  whiet  marka  on  the  piper  or  o«rd  thu  roquiniil  llwb 
The  following  arc  examples  of  tliis  cIum  of  iiiBtruiimnt*  ;— 

a.  Moriu's  Traction  DynamomeUir. 

b.  Morin's  and  Him'a  Botatory  Uy:minoiDotoni, 
e.  The  Steam  Engine  Indicator. 

III.  Instrumenta  called   Initffr^inff  DpHommm^tn,  wklob   r»- 
eord   the   work   performed,  bat   not  tlu:   rcwatauoo  ami   awUuu 

*"  —  ,--,-  -,|,y,|  ,       - -■»"    '  * 

measures  the  osefiil  work  perlbmed 

by  a  prime  mover,  ly  canaifig  the     _  __^  _ 

-whole  of  tliat  work  to  be  ezpewlcd      ^_  , 

in    orereomii^   tbe  friction   of  ■      ^^"^  l^^ 

bake.     In  fig.  U9,  A.  repremu  a  fig.  U*.         ^^ 

cjUndiial    drwa.   dmea   b^   «fce 

IW  Uodc  D,  atfcMfcaJ  u  Iba  I««r  B  0,  and  iW 
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for  recoidiiig  b;  a  diagr&m  the  work  of  dragging  jt  loftd  hoiuontalljr. 
a  d,  (  (  are  a  pair  of  9t«el  springB,  tliioiigh  vbich  the  tntetiTe 
fbroe  is  tranBmibt«d,  and  irUch  serve  hy  their  deflection  to  iMaaara 


Fig.  ssOa. 


that  force.  The^  are  connected  together  at  the  ends  hf  the  ited 
iiaks/,/.  The  effort  of  the  prime  mover  is  applied,  tfannigti  tk 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  ton- 
most  spring;  the  equal  and  opposite  resistance  of  the  rehide  ii 
applied  to  the  gland  e,  which  is  fixed  on  the  middle  of  the  tAet- 
most  spring.  When  no  tractive  force  is  exerted,  the  inward  &M 
of  the  springs  are  straight  and  parallel ;  when  a  force  is  exeiteJ. 
the  springs  are  bent,  and  are  drawn  apart,  throngh  a  distu)ea|n- 
portional  t«  the  force.  The  springs  are  protected  against  heii^ 
bent  so  far  as  to  injure  them  by  means  of  the  safety  bridlci  i,*i 
vrith  their  bolts  e,  e.  Those  bridles  are  carried  by  the  afteF^sDd. 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  diWB 
forward  as  far  as  is  consistent  with  the  preserratian  of  dastidtf 
and  strength. 

The  fiume  of  the  apparatas  for  giving  notion  to  the  paper  hui 
is  carried  by  the  after-gland.  The  principal  parts  of  that  apputtcM 
are  the  following: — 

I,  store  drum  on  which  the  paper  band  is  rolled,  befme  tlie  en*- 
mencement  of  the  experiment,  and  off  whidi  it  is  dnwB  M  tk 
experiment  proceeds; 


jf,  taking-up  drum,  to  which  one  end  of  the  paper  band  a  glued, 
and  which  draws  along  and  rolls  up  iho  paper  hand  with  n  velocity 
proportional  to  that  of  the  vehicle.  Fixed  on  tfae'axis  of  this  drum 
is  a  fuaee  having  a  spiral  groove  round  it,  whose  radius  gradually 
increases  at  the  same  rat«  as  that  at  which  the  effuotive  radius  of 
the  drum  g  is  increased  during  its  motion  by  the  rolling  of  succes- 
sive coiiB  of  paper  upon  it.  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  the  drum  from  accelerating  tlio 
speed  of  the  paper  band ; 

n  b  a  drum  which  receives  through  a  train  of  wheelwork  and 
cndleaa  screws  a  velocity  proportional  to  that  of  the  wheels  of  tho 
vehicle,  and  which,  by  means  of  a  cord,  drives  tho  fusee.  Tho 
mechanism  is  usually  so  designed  that  the  paper  tnovea  at  one- 
£fUetb  of  the  speed  of  the  vehicle. 

Between  the  drums  I  and  g  there  are  three  small  rollen  to  tmf- 
port  the  paper  band  and  keep  it  steady. 

One  of  the  safety  bridles  carries  a  peucil,  k,  which,  being  at  rest 
relatively  to  the  frame  of  the  recording  apparatus,  traces  ik 
ctrsight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  [lencil.  That  line  is  called  ti}e  zero  line,  and  corresponds  to 
O  X  in  fig.  241,  page  346. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
|)0»ition  in  adjusted  before  the  experiment,  so  that  when  there  is 
BO  tractive  force  ila  point  rests  on  the  zero  line.  During  the  ex- 
peritnent.  this  pencil  traces  on  the  paper  band  a  line  such  as 
£  B  G,  fig.  2-11,  whoso  ordinate  or  dislonce  from  any  given  point 
in  the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  pro- 
portional to  the  tractive  force,  at  the  corresponding  jwint  in  the 
j»ame»  of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
is  Article  289,  page  331,  or  by  an  instrument  for  measuring  the 
««■■  of  plane  figures;,  called  the  Ptaniiaeltr,  or  Piabmtdur,  of  which 
■■anoDi  forms  have  been  invented  by  Ernst,  Sang,  Clerk  Uaxwell, 
fl  ■slUi   and  others. 

Jk.  thiid  pencU,  actaated  by  a  clock,  is  sometimes  caosed  to  mufc 

uprin  of  dots  on  the  paper  band  at  equal  interrals  of  time,  and 

Ptonmnl  the  Amgn  of  velocity. 

^"^an  ose  -vdode  (such  as  a  locomotive  en^ne)  dra^  ooe  or 

nihlis.  Ike  aspantos  may,  if  canrenieot,  b«  turned  hind  ads 

^Mkd  eBrried  by  the  Ibremost  vdudcL     In  sodt  m  cmb  tfc* 

n  ml  thB  hand  of  Jfr  oi^ht  to  be  deiired,  not  from  n  dmtn^ 

vUch  k  liaiUe  to  slip,  bnt  fnxn  a  beaiii^whed. 

s  Aa  appafif—  k  oaed  to  rcoocd  the  tnetin  farce  ami 

E  yfciiMl  hi  tsmng  n  veae],  the  appantni  tar  ■ortBg  th* 

r  Mod  BiT  he  dfifca  by  nceae  of  a  vbed  or  fu,  eobal  nfank 

3c  __^m 
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by  the  water;  in  whicli  case  the  ratio  of  the  velocity  of  tbe  hand 
to  that  of  the  vessel  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elasikiciiy  of  steel,  the 
relation  between  the  deflections  of  the  springs  and  tiie  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  duect  experiment — ^that  is,  by  banging 
known  weights  to  the  springs,  and  noting  the  defleotk>na. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  base  in  the  middle ;  that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  length  shoidd  be 
proportional  to  the  square  root  of  the  distance  of  that  point  firom 
the  nearest  end  of  the  spring.     To  express  this  by  a  fbrmala,  let 

c  be  the  half-length  of  the  spring ; 

A,  the  thickness  in  the  middle; 

X,  the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 

A",  the  thickness  at  that  point;  then 


^'=A\/f (1) 


The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
General  Morin,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  b. 

The  following  is  the  formula  for  calculating  beforehand  the 
probable  joint  deflection  of  a  given  pair  of  springs  under  a  given 
tractive  force : — 

Let  the  dimensions  c,  h,  b  be  stated  in  inches,  and  tha  ion&  P 
in  pounds. 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modultts  of  floMieity  of  steel,  in  pounds  on  tke 
square  inch.  Its  value,  for  different  specimens  of  steel,  varies  froa 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  ess- 
mon.     Then 

y  =  E6A3 W 

The  deflection  should  not  be  permitted  to  exceed  about  cse 
tenth  part  of  the  length  of  the  springs. 

343.  inr«ria*B  Bocaimt  PyMii^ietcr  is  represented  in  figs,  tf  li 
251  a,  and  is  designed  to  record  the  work  performed  by  a  pni* 
mover  in  transmitting  rotatory  motion  to  any  machine.  A.  a  a  M 
pulley,  and  C  a  loose  pulley,  on  the  same  shaft.  A  belt  taBNttti 
motion  from  the  prime  mover  to  one  or  other  of  tliQia  poihf* 
«coording  as  it  is  desired  to  transmit  motion  to  the  shaft  or  aot 


>vkauometsbb: 


A  tliird  pulley,  B,  on  tic  name  shaft,  corrioa  tho  bi'lt  which 
tninamiU  motion  to  tlie  mocliinu  to  be  driven.  ThU  iiulltiy  i«  alao 
loose  on  the  ahiift  to  a  ccrtttiu  extent,  bo  that  it  m  capable  of  loor- 


I1t.HL 
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^nialiTdj  to  the  iliaft,  bu^anb  and  forwardi  thmagh  a  mall 
~aMit  to  admit  of  the  deflection  of  a  ttcet  qving  by  wkidi 

■  tniMiiitted  from  the  dioft  to  ttte  pnllcj. 

B  otd  of  that  apham  n  fixed  to  tb«  *haft,  to  tltot  tlie  (prfng 

I  bom  tbe  Mfi  uke  on  am,  ottd  rtAatca  oIod;  with  U. 

r  CBd  cf  tha  wrng  ia  eonaected  with  the  pulUjr  B  Dcar  iU 

I.  iwliillii  ■raiMiif  iliiiHUj.  tint  |iiillij.  aothfttUM 

I  iUmIm  inportiMMl  to  the  c&rt  euitod  bf 

^  nfaDr  Gks  oa  vm  fiva  1h>  ihd^,  «■! 
it,  CMiis  OB  appantna,  KBilar  to  that  vMi  la 


I 
I 


tpvjedi 


KHattr,  ler  awiriag  a  haad  of  F>p<'  a 
«iA  I  imiulI  ta  the  Arffc  with  a  vdodt*  pnoortiaaal  to  tha 

■  •UwfaAlheAaftnlMcK     AfmSmiami^lkmlk^ 

■  •^faaaa  Oa  |«rcr  faa^;  awl  Mot' 
VAb  «id  af  Oe  ifaia^  ttawa  a  Gae  whoaa  c 

'      ■  awrud,  jn«  aa  ia  the  tnctMB  AfaaM 

1  fcr»aiMt«ha|i|iii^liikAfaMhy»«w 

I       r  taaih*.a»dfciTtat»^»ia»fct^fc« 

■  afa<MA.    wi_  .A ..  ;_  ^^  ^  ^^  (^  iL-  1 1  111  1 1 

ta  dMg  wiih  iha  ^A,  ^  MM  to  JdM 
t  «hM  tha  aatiM  tf  Aa  |MV  ^  ^  ha 
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iDg,  by  a  self-acting  apparatas,  the  moment  of  the  couple  by  whicb 
the  shaft  is  driven,  and  the  work  done  by  that  couple.  Two  trains  of 
wheels,  driven  from  the  shaft  at  two  diJBTerent  points,  communicate 
rotations  of  equal  speed  in  opposite  directions  about  one  axis  to 
two  bevel- wheels  which  gear  with  an  intermediate  bevel-wheel  at 
opposite  sides  of  its  rim,  forming  a  combination  like  that  shown  in 
fig.  176,  page  245.  The  axis  of  the  third  wheel,  conesponding  to 
the  train-arm  A  in  ^g.  176,  indicates  by  its  position  one-half  of  the 
angle  through  which  the  shaft  is  twisted  between  the  Gpur-wheels, 
and  communicates  its  motion  to  the  pencil  of  the  recording  i^pan- 
tus;  which  pencil,  as  in  other  recording  dynamometers,  dnws  a 
line  on  a  strip  of  paper  that  is  moved  at  a  speed  proportional  to 
the  speed  of  the  shaft  that  transmits  the  power.  (See  Annaiei  du 
MineSy  1867,  voL  xL) 

The  only  perfectly  accurate  way  of  determining  the  relatioQ 
between  the  displacement  of  the  pencil  and  the  moment  transmitted 
by  the  shafl,  is  to  ascertain  by  direct  experiment  the  twisting  effect 
of  a  known  couple  when  applied  to  the  shaft.  But  a  probable 
appix)ximate  value  of  that  relation  may  be  calculated  as  follows: — 
Let  M  be  the  twisting  moment ;  a;,  the  length  of  that  part  of  the 
shaft  whose  angular  torsion  is  to  be  determined ;  A,  its  diameter; 
C,  the  co-efficient  of  transverse  elasticity  of  the  material;  I,  the 
angle  of  torsion,  in  circular  measure;  then,* 

M^|:    CA*^0O98^ (1.) 

Let  n  be  the  ratio  which  each  of  the  contrary  angular  velocities 
of  the  bevel- wheels  corresponding  to  B  and  C  in  fig.  176  bears  to 
the  angular  velocity  of  the  shaft,  and  y  the  length  of  an  index  cor- 
responding to  the  train-arm,  A,  in  that  figure;  then  the  angukr 

displacement  of  that  index  is  -;r-;  and  the  linear  displacement  of 

its  end  (which  may  be  denoted  by  z)  is 

^-     2    ' 

therefore  the  following  formula  expresses  the  relation  between  tk 
moment  M,  and  the  displacement  z] 

^^^'Cf^^om^ (1) 

z      nyi      16     nxy  nxy  * 

Should  the  shaft  be  hollow,  let  K  be  its  internal  diameter;  tkeft 
in  each  of  the  preceding  formulsB  for  A*  substitute  A*  —  k\ 
The  following  are  values  of  the  co-efficient  C  : — 

*  Manual  of  AppUed  MetKonict,  Article  322;  page  S87. 


PANDVNAMOMETER— S 

Cast  Iron, 
Wrought 

8t«l. 

about 

!ron,  from 

to 

from 

to 

=,850,000 
8,500,000 
10,000,000 
10,000,000 
1 3,000,000 

8,400 

Calculation  ma;  be  used  preliminary  to  the  designing  of  the 
apparatus,  in  order  to  find  aiiproxi mutely  the  extent  of  the  di»- 
[dacement  of  the  recording  pencil;  but  the  exact  relation  of  that 
displacement  to  the  twisting  moment  exerted  through  the  shaft 
ought  always  to  be  determined  by  experiment 

345.  BisMiciiT  af  Bpiiai  arrincK — As  spiral  or  helical  springs 
ai«  mnch  used  in  dynamometric  apparatua,  it  is  convenient  here  to 
state  the  laws  of  their  resistance  to  extension  and  compression. 

In  order  that  such  a  spring  may  be  an  accurate  instrument  for 
tneaAuring  forces — that  is,  in  order  that  the  proportion  borne  by 
the  load  acting  on  the  spring  to  the  extension  or  compression 
wfaich  it  pi-oduces  may  be  constant — the  figure  of  the  spring  should 
Ik  a  true  helix,  aa  described  in  Article  58,  page  36. 

It  is  more  favourable  to  accuracy  to  measure  a  force  by  the  ex- 
tension than  by  the  compression  of  a  spii&l  spring ;  because  during 
e3tcn.-iion  it  jireservett  almost  exactly  a  truly  helical  form,  and  the 
eoils  remain  in  a  cylindrical  surface;  whereas  during  compressioa 
the  middle  coils  are  apt  to  swerve  sideways,  so  as  to  make  the 

r'ng  lose  the  proper  figure.  There  are  cases,  however,  in  which 
use  of  the  compressioa  of  the  spring  is  unavoidable ;  and  then 
it  is  kept  approximately  in  its  proper  figure  by  being  enclosed 
Ui  a  cylindrical  caxing,  which  ought  to  be  bo  large  aa  not  to 
iBipede  the  longitudinal  motion  of  the  spring. 

The  pair  of  equal  and  opposite  forces  by  which  a  spiral  spring  is 
*tr«tcbed  should  act  exactly  along  the  axis  of  the  helix;  for  which 
{Hnpose  the  ends  of  the  spring  shonld  be  made  fast  to  a  pair  of 
»t»ong  and  stiff  srma,  each  of  which  should  be  perpendicular  to  the 
«^lix,  and  should  lie  along  a  radius  of  the  cylinder  on  which  the 
««;lii  is  described,  so  that  the  inner  ends  of  the  arms  may  be  ia 
*l»e  axis  of  the  helix;  and  at  those  inner  ends  the  forces  to  be 
***«anired  should  be  applied.  The  beat  form  of  section  for  the 
"^jro  of  which  the  spring  is  made  is  circular;  because  the  extenaioQ 
^1*"  the  spring  depends  on  the  torsion  of  the  wire ;  and  tlie  laws  of 
*^|*«ion  are  known  with  greater  precision  for  a  circular  form  of 
*^*tion  than  for  any  other. 

,^^  Die  following  formulie  show  the  relations  between  the  load  and 
'  ^■'■exletiaion  or  compression  of  the  sy>ring: — 

j^Let  r  be  the  radius  of  the  cylinder  containing  the  helical  oentn 
|X^«  of  th«  qiinl  spring,  as  measured  from  the  aiia  to  the  «||B|fl 


I 
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the  wire;  n,  the  number  of  coils  of  which  the  spiing  coiiBistB;  d, 
the  diameter  of  the  wire ;  C,  the  co-effident  of  rigidity  or  tnuisFene 
elasticity  of  the  material;  /,  the  greatest  SKfe  shearing  aiicss  upon 
it;  W,  any  load  not  exceeding  the  greatest  safe  load;  v,  the 
corresponding  extension  or  compression;  Wj,  the  greatest  safe 
steady  load ;  v^,  the  greatest  safe  extension  or  compression;  then 


W       Oc^* 


V      64  nr* 


,  ^1-        r        '^""         Qd        • 


W 

The  greatest  safe  sitdden  load  is  -^ . 

If  the  wire  of  which  the  spring  is  made  is  aquarSy  and  of  the 
dimensions  c?  x  c^,  the  load  for  a  given  deaeddon  is  greater  than 
for  a  round  wire  of  the  diameter  d,  in  the  ratio  of  281  to  196,  or 
of  1-43  to  1,  or  of  10  to  7,  nearly. 

The  values  of  the  co-efficient,  C,  of  transverse  elastieity  of  steel 
and  charcoal  iron  wire,  in  lbs.  on  the  square  inch,  range  between 
10,500,000  and  12,000,000;  and  in  kilogrammes  on  the  sqoaze 
millimetre,  from,  7,400  to  8,400,  nearly. 

By  the  greatest  safe  stress  is  to  be  understood  the  greatest  stress 
which  is  certain  not  to  impair  the  elasticity  of  the  sprii^  by  fre- 
quent repetition;  say  30,000  lbs.  on  the  square  inch. 

W 

The  value  of  the  ratio  —  borne  by  the  load  to  the  extension 

ought  to  be  ascertained  by  direct  experiment  for  every  spring  that 
is  used  in  dynamometers  or  indicators. 

346.  Steam  Engine  ladiemter.— This^  instrument  W9B  invented 
by  Watt,  and  has  been  improved  by  other  inventors,  esptcaMJUj 
M'Naugbt  and  Eichards.  Its  object  is  to  record,  by  means  of  a 
diagram,  the  intensity  of  the  pressure  exerted  by  steam  *g>in«t  ods 
of  the  faces  of  a  piston  at  each  point  of  the  piston's  motion,  and  so 
to  afford  the  means  of  computing,  according  to  the  principlai  of 
Articles  302  and  307,  firsts  the  energy  exerted  by  tne  steam  in 
driving  the  piston  during  the  forward  stroke ;  secondly,  the  woik 
lost  by  the  piston  in  expelling  the  steam  from  the  cylinder  dori^ 
the  return  stroke;  and  thirdly,  the  difference  of  those  quaatitieSi 
which  is  the  available  or  effective  energy  exerted  by  the  steam  on 
the  piston,  and  which,  being  multiplied  by  the  number  of  stnto 
])er  minute  and  divided  by  33,000  foot-pounds,  givea  the  miGATlD 

HORSE-POWER. 

The  indicator  in  a  common  form  is  represented  by  £g.  2S2,  AB 

is  a  cylindrical  case.     Its  lower  end,  A,  contains  a  small  cyUvier. 

fitted  witli  a  piston,  which  cylinder,  by  means  of  the  sowed 

nozzle  at  its  lower  end,  can  be  fixed  in  any  conYonient  poeltioa 

**  a  tube  communioating  inth  that  end  of  Uie  eiigu»c^iiMkr 


Pig.  352. 


}  of  tb« 


«  the  work  of  the  otcam  is  deterraiaed.     The  CDmnKmioatdoa 
JiotwMn  the  engine- cylinder  and  tho  indicator- cylinder  can  be 
opened  and  shot  at  will  by  means  of  the  cock  K. 
■When  it  ia  open,  tht?  intensity  of  the  pressure  of 
tiie  Bteam  on  the  engine-piston  and  on  the  indi- 
cutor-piston  is  the  same,  or  nearly  the  same. 

The  tipper  end,  B,  of  tho  cylindricul  case  con- 
tains a  spiral  spring,  one  end  of  which  is  at- 
tAchcd  to  the  piston,  or  to  its  rod,  and  the  other 
to  the  top  of  the  casing.  The  indicator-piston 
iM  pressed  fi-om  below  by  the  nteam,  and  froni 
above  by  the  atmosphere.  When  the  presauto 
of  the  Bieam  is  equal  to  that  of  the  atmosphere, 
the  spring  retains  ita  unstrained  length,  and  tho 
piston  ita  original  position.  When  the  pressure 
of  the  st«am  exceeds  that  of  the  atmosphere, 
th«  piston  is  driven  ontwai-ds,  and  the  spring 
compressed;  when  the  pressure  of  the  steam  ia 
lees  than  that  of  tho  atmosphere,  the  piston  is 
driven  inwards,  and  the  spring  extended.  Tbe 
eomprension  or  extension  of  the  spring  indicutt-s 
the  difference,  upward  or  downward,  between  the  pressi 
stcMD  and  that  of  the  atmosphere. 

A  short  arm,  C,  projecting  from  the  indicator  piaton-rod  carries  at 

~e  nde  a  pointer,  D,  which  shuwa  the  pressure  on  a  scale  whose 

m  dniotes  the  yragurv  of  lAe  i^tnogphere,  and  which  is  gradoated 

■irto  pounds  on  the  square  inch  hoth  upwards  and  downwards 

'^  Mn  that  zero.     At  the  other  side  the  abort  arm  ha^  a  longer  arm 

.  bted  to  it,  carrying  a.  pencil,  G. 

'   F  is  A  brass  drum,  ivhich  rotates  backward  and  forward  aliout  a 

J  axis,  and  which,  when  about  to  lie  used,  ia  covered  with  a 

if  paper  called  a  "card."     It  ia  altemati-ly  pulled  round  in 

B  direction  by  the  cord  H,  which  wraps  on  the  pulley  O,  and 

"    1  back  to  its  original  positiun  by  a  spring  oontEunod  within 

The  cord  H  is  to  be  connected  with  the  mechanism  of  the 

in  any  convenient  manner  which  shall  ensure  that 

B  Tclodty  of  rotation  of  the  drum  shall  at  every  instant  liear  & 

'  uit  ntio  to  that  of  the  stenra  engine  piston ;  the  Ixck  and 

i  motion  of  the  surface  of  the  drum  representing  that  of  tho 

B  engine  piston  on  a  rednced  scale.     This  having  been  dooei 

before  opening  the  cock  K,  the  pencil  is  to  bo  iilaced  in  CMI- 

vith  the  drum  during  a  few  strokes,  when  it  wiU  mark  aa  tits 

a  line  which,  when  the  card  is  afterwards  spread  out  t  - , 

-  -  a  straight  line.     This  line,  whose  position  indicates  tlw  j 

of  the  atmoKphere,  is  called  the  atmotptia-K  line.     In  f  " 
it  ia  repmented  by  A  A. 
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Then  the  cock  K  is  opened^  and  the  pencil,  movinff  np  and  down 

with  the  variations  <n  the  pressoie 
of  the  steam,  traces  on  the  card 
during  each  complete  or  doable 
stroke  a  curve  such  as  B  C  D  £  K 
The  ordinates  drawn  to  that  carve 
from  any  point  in  the  atmo^iheric 

line,  such  as  H  K  and  H  G,  indi- 
cate the  differences  between  the 
pressure  of  the  steam  and  the  at- 
mospheric pressure  at  the  corre- 
sponding point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  B  C  D  E  represent  the  pres- 
sures of  the  steam  during  the  forward  stroke,  when  it  is  driving 
the  piston ;  those  of  the  part  £  B  represent  the  pressures  of  the 
steam  when  the  piston  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicator-diagrams  of  steam 
engines,  the  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gen- 
erally omitted;  in  which  case  the  atmospheric  pressure  may  be 
assumed  at  its  mean  value,  being  14*7  lbs.  on  the  square  indi,  or 
2116*3  lbs.  on  the  square  foot,  at  and  near  the  level  of  the 


Fig.  253. 


Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  Y  parallel  to  A  A  is  the  abaolute  or  tn0 
zero  line  of  the  diagram,  corresponding  to  no  presntre;  and  ordi- 
nates di*awn  to  the  curve  from  that  line  represent  the  abeolnte 
intensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  £  be  ordi- 
nates touching  the  ends  of  the  diagram;  then 

O  L  represents  the  volume  traversed  by  the  piston  at  each  singfo 
stroke  (  =  «  A,  where  8  is  the  length  of  the  stroke  and  A  the  aitt 
of  the  piston); 

The  area  O  B  C  D  £  L  O  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke ; 

The  area  O  B  £  L  O  represents  the  work  lost  in  expeUing  the 
steam  during  the  return  stroke; 

The  area  B  C  D  £  B,  being  the  difference  of  the  above  aiM 
represents  the  effective  work  of  the  steam  oo  the  piston,  durii^  the 
complete  stroke. 

Those  areas  can  be  found  by  the  Rules  of  Article  289,  pip 
331 ;  and  the  common  trapezoidal  rule,  D,  page  333,  ia  in  goMtl 
sufficiently  accurate.  The  number  of  intervals  is  naaally  ton,  and 
of  ordinates  eleven. 

The  mean/orward  pressure,  the  mean  hackpreuur^woA  tbeaM 
^ective  preuure,  are  found  by  dividiog  those  three  ai 

tively  by  the  volume  «  A,  which  is  represented  bj  (TL. 


Those  mean  pressnres,  however,  can  be  foiind  hy  a  direct  procesa, 
without  lint  measuring  the  areas,  viz.: — liavtng  multiplied  eacli 
ordinate,  or  breadth,  of  the  area  under  coDsideration  by  the  proper 
naltiptier,  divide  the  Bum  of  the  products  by  the  sum  of  tha 
multipliers,  which  process,  when  the  common  trapezoidal  rule  is 
naed,  takes  the  following  form:  add  together  the  halves  of  the 
endmoiit  ordinates,  and  the  whole  of  the  other  ordinates,  and 
divide  by  the  number  of  intervals.  That  is,  let  b^  be  the  first,  b. 
tibe  last,  and  6,,  b^,  Ac.,  the  interraediate  breadths;  then  let  n  b» 
the  number  of  intervals,  and  b„  the  mean  breadth ;  then 

»-  =  I.  C"-3-'" +  »'  +  »• +  ■'■'■)' *'■' 

and  this  rcpreaents  the  mean  forward  pressure,  meJia  back  pressar^ 
«f  mean  effective  pressure,  as  the  case  may  be.  Iiet  p^  be  the 
laena  effective  pressure;  then  the  effective  energy  exerted  by  the 
steam  on  the  piston  during  each  double  stroke  is  the  product  of 
the  mtAU  effective  pressure,  the  area  of  the  piston,  and  the  length 
.  rfrtroke,  or 

p.A«; (2.) 

I  if  If  be  the  number  of  double  strokes  in  a  minute,  the  indicatal 
Infoot-potaida  per  miiwte,  in  a  single-acting  engine,  is 

p.  A  Ng; (3.) 

D  which  the  indieattd  horse-pom^  is  found  by  dividing  by  33,00Ch 
I  Jn  m  doubte-aeling  erigine  the  steam  act«  alternately  on  either 
B  o£  the  piston;  and  to  measure  the  power  accurately,  two  indi- 
ra  should  be  used  at  the  same  time,  communicating  respectively 
1  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  wiU 
I  obtained,  one  representing  the  action  of  the  steam  on  each  faco 
K'tlie  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
f  each  diagram  separately,  and  then,  if  the  areas  of  the  two  facea 
[  the  piston  are  sensibly  equal,  the  mean  of  lluMe  two  rendu  ig  to 
I  taken  as  the  general  vitan  effective  presture;  which  being  mnlti- 
"  sd  by  the  area  of  the  piston,  the  length  of  stroke,  and  tioiae  the 
mber  of  double  strokes  or  revolutions  in  a  minute,  gives  tho 
Ated  power  per  minute;  that  is  to  aay,  if  p"  denotes  the  gen- 
Q  effective  pressure,  the  indicated  power  per  minnte  ia 

p'A-3N»; (4.) 

If  tlie  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
■■  ™   *' trunk  engines"),  the  indicated  power  is  to  be  computed 
tely  for  each  face,  and  the  resulU  added  together.  I 

■*-ere  are  two  or  moi'e  cylinders,  the  quantities  of  pow<rJ 
i  by  their  respective  diagrams  are  to  be  added  togethtfc  j 
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The  re-actions  of  the  moving  parts  of  the  indkator,  oombiiied  with 
the  elasticity  of  the  spring,  cause  oscillations  of  its  piston.  In 
order  that  the  errors  thus  produced  in  the  indicated  preanres  at 
particular  instants  may  be  as  small  as  possible,  and  may  nentniise 
eadi  other's  effects  on  the  whole  indicated  powor,  the  moving 
masses  ought  to  be  as  small  as  practicable,  and  the  q>ring  as  stiff 
as  is  consistent  with  showing  the  pressures  on  a  visible  acale.  In 
£ichards's  indicator  this  is  effect^  by  the  help  of  a  train  of  very 
light  linkworky  which  causes  the  pencil  to  show  the  movements  of 
the  spring  on  a  magnified  scale. 

The /riction  of  the  moving  parts  of  the  indicator  tends  on 
tlie  whole  to  make  the  indicated  power  and  indicated  mean 
effective  pressure  less  than  the  trutl^  but  to  what  extent  is  un- 
certain. 

Every  indicator  should  have  the  accuracy  of  the  graduation  of  its 
scale  of  pressures  frequently  tested  by  comparison  with  a  standard 
pressure  gauge. 

The  indicator  may  obviously  be  used  for  measuring  the  eneigf 
exerted  by  any  fluid,  whether  liquid  or  gaseous,  in  driving  a 
piston;  or  the  work  performed  by  a  pump,  in  lifting,  propelling, 
or  compressing  any  fluid. 

347.  intogmtiMg  DraaoMMiccen  record  simply  the  woik  per- 
formed in  dragging  a  vehicle  or    driving  a  machine,   without 
recording  separately  the  force  and  the  motion.     In  that  of  Morin 
this  is  effected  by  means  of  a  combination  which  has  already  been 
described  in  Article  270,  page  311,  and  illustrated  in  fig.  2il.    Is 
that  figure  (which  see)  A  represents  a  plane  circular  disc,  made  to 
rotate  with  an  angular  velocity  proportional  to  the  roeed  of  tho 
motion  of  the  vehicle  or  machine,  and  B  a  small  wheel  driven  by 
the  friction  of  the  disc  against  its  edge,  and  having  its  axis  paralld 
to  a  radius  of  the  disc.     The  wheel  £,  and  some  mechanism  wbiA 
it  drives,  are  carried  by  a  frame  which  is  carried  by  a  dynamometer 
spring,  and  so  adjusted  that  the  distance  of  the  edge  of  B  from  tba 
centre  of  A  is  equal  to  the  deflection  of  the  spring,  and  picpor- 
tional  to  the  effort 

The  velocity  of  the  edge  of  B  at  any  instant  being  the  prodsct 
of  its  distance  from  the  centre  of  A  into  the  angular  velocity  of  A? 
is  propoi*tional  to  the  product  of  the  effort  into  the  vdocity  ci  the 
vehicle  or  machine — that  is,  to  the  rate  cU  which  worik  ui  perfmrndt 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  tim^  '^ 
proportional  to  the  work  performed  in  that  time;  and  that  work  ctt 
be  recoi-ded  by  means  of  dial-plates,  with  indexes  moved  by  a  tnn 
of  wheelwork  driven  by  the  wheel  B. 

In  Moison*8  integrating  dynamometer  a  ratchet-wbasl  is  drifCi 

by  the  strokes  of  a  click.     (See  Articles  194  to  196,  pages  SW  to 

211.)    The  number  oi  tkem  ^ttokes  in  a  given  time  is         "^ — ' 
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Hb  the  speed  of  the  machine  wLose  work  is  to  be  measured ;  and  hy 
meane  of  a  dynamometer- spring  the  length  of  each  Btroke  of  tlie 
click  is  adjusted  so  as  to  be  proportional  to  the  effort  exerted  at 
the  time.  The  resnlt  is  that  tbe  total  extent  of  motion  of  the 
rAtchet-whewl  in  a  given  time  is  proportional  to  the  work  performed. 
It  is  obvious  that  tlie  frictional  catch  might  be  applied  to  this 
apparatus  (Article  197,  page  211), 

348.  ncsun*Mcii>  af  Frictiaa. — Under  the  head  of  Dynamo- 
meters may  be  classed  apparatus  for  the  experimental  measuremeut 
of  frictioii. 

If  by  means  of  any  kind  of  dynamometer  whoao  nse  doM  no^ 
involve  the  iutemiption  of  the  performance  of  the  ordinary  ■work 
of  a  train  of  mechauiam,  wo  measure  the  power  transmitted  at  two 
partit  of  that  train,  tlie  difference  will  be  the  power  expended  in 
overcoming  the  friction  of  the  intermediate  parts.  Him's  Fan- 
dynamometer  (Article  3*4,  page  387)  seems  well  adapted  for  ex- 
periments of  this  class.  The  power  of  a  steani  engine,  as  exerted 
in  the  cylinder,  may  bo  measured  by  means  of  the  indicator,  and 
the  power  transmitted  to  machinery  which  that  engine  drives,  by 
a  Hoitable  dynamometer;  and  the  difference  will  be  jxiwer  ex- 
pended chietly  in  overcoming  the  friction  of  the  intetueliate 
mechanism. 

Speciul  apparatus  for  meftsnring  the  friction  of  axlet)  ia  used,  not 
only  for  purposes  of  scientific  investigation  as  to  the  co-efficienta 
of  friction  of  different  pairs  of  surfaces  in  different  states,  but  for 
practically  testing  the  lubricating  properties  of  oil  and  grease. 
Two  forma  of  apparatus  nay  be  described. 

I.  Stalieal  Apparatui. — A.  short  cylindrical  axle,  of  a  convenient 
dianetirr  (say  3,  3,  or  4  inches),  is  supported  at  its  ends  by  bearings 
on  the  top  of  a  {<air  of  strong  fixed  standards.  The  euds  of  tbe 
axle  overhang  their  bearings,  and  carry  a  ]:air  of  equal  and  similar 
pulleys,  by  means  of  which  it  is  driven  at  a  speed  equal,  or  nearly 
equal,  to  the  greatest  intended  working  speed  of  the  axles  with 
which  the  Jingnenta  to  be  t^rsted  are  to  be  used  in  practice.  The 
object  of  driving  the  axle  at  both  ends  is  to  ensure  great  atrudinees 
of  motion.  The  driving-gear  ought  to  be  capable  of  reversing  tbe 
direction  of  rotation.  At  the  middle  of  ita  k-ngtii  the  axle  ia 
turned  so  as  to  form  a  very  aecniatc  and  smooth  Journal,  of  a 
length  equal  to  from  1^  to  2|  times  iU  diameter.  Upon  that 
journal  there  hangs  a  plumber-block  or  axle-box,  fitted  with  a 
suitable  biiaii  or  bearing.  That  pUimber-block  is  rigidly  connected 
with  a  heavy  mass  of  suitable  material,  such  as  cast  iron,  so  aa  to 
funu  as  it  were  a  pendulum  hanging  from  the  journal  in  the 
middle  of  the  axle,  and  of  a  weight  suited  to  produce  a  pressure 
on  the  journal  equal  to  the  greatest  pressure  to  which  the  unguent 
ii  to  be  cxpoe4»l  in  practice  (see  Article  3\0,  i;mge  15^^    "E^ 
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pendulum  is  famisbed  with  an  index  and  graduated  are,  to  abow 
its  deviation  from  a  vertical  position. 

The  hanging  plumber-block  having  been  supplied  with  the 
unguent  to  be  tested,  the  axle  is  to  be  driven  at  full  speedy  first  in 
one  direction,  and  then  in  the  contrary  direction,  and  the  two 
contrary  deviations  of  the  pendulum  observed.  Let  I  denote  the 
half-sum  of  those  deviations,  expressed  in  circular  measure  to 
radius  unity;  c,  the  distance  from  the  axis  of  rotation  to  the  centre 
of  gravity  of  the  pendulum;  r,  the  radius  of  the  journal;  let  W  be 
the  weight  of  the  pendulum;  then  the  mean  statical  momaitof 
the  pendulum  is 

"Wcsin^sWc^  nearly; 

and  that  moment  balances  the  moment  of  friction  (Artide  311, 
page  356),  whose  value  ia  /W  r  nearly,  and  will  be  afterwanb 
shown  to  be  exactly 

W  r  sin  ^, 

^  being  the  angle  of  repose.  Equating,  therefore,  those  two  equal 
moments,  we  find 

r  sin  ^  =  c  sin  I;  and 

c                c  S 
sin  ^  =y nearly  =  -  sin  ^= — nearly. (L) 

The  distance,  c,  of  the  centre  of  gravity  of  the  pendulum  froiB  the 
axis  may  be  found  experimentally,  by  applying  a  known  wdgkt 
at  a  known  horizontal  distance  from  the  axis,  so  as  to  make  the 
pendulum  deviate,  and  observing  the  deviation.  Let  P  be  the 
weight  80  applied,  x  its  leverage,  0  the  deviation  which  it  prodnoee; 
then,  if  there  were  no  friction,  we  should  have 

Pa; 
e  = 


Wsin© 

In  order  to  eliminate  the  effects  of  friction  from  the  determinttkm 
of  c,  the  load  P  with  the  leverage  x  should  be  applied  at  ooutmy 
sides,  80  as  to  increase  the  deviation  of  the  pendulum,  while  the 
axle  is  rotating  in  the  two  contrary  directions. 

Let  sin  B  be  the  mean  of  the  sines  of  the  deviations  produced  I7 
friction  alone,  and  sin  0  the  mean  of  the  sines  of  th^  deviaftioBS 
produced  by  the  friction  and  the  load  P  together;  then  we  ihaU 
have 

^  "  W(sin0-sin^y ^^^ 

II.  Dynamic  or  Kineiie  Apparahu. — ^To  meaaure  the  hkAm  ^ 
BO  azie  by  meaiia  of  iU  rek\axdxE^^Qffect  upon  a  rotattog  ma&  ilM  ai^ 
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is  Bupported  on  fliiitalile  bearings  at  its  ends,  as  iu  the  Statical 
Apparatus  just  described;  and  at  the  middle  of  its  length  it  has 
fitted  on  it,  and  nccurat^ly  balanced,  a  round  disc  acting  as  a  fly- 
■wheel,  of  weight  sufficient  to  produce  the  required  pressure  on  the 
bearingn.  (See  Article  310,  page  353.)  The  numbers  of  turns 
made  by  the  axle  are  counted  and  indicated  by  means  of  a  light  and 
easily-driven  train  of  small  wheels,  with  dial-plates  and  indexes. 

The  axle  is  provided  with  driving-gear  of  a  kind  which  can  bo 
instantly  disengaged  when  required;  for  example,  a  fast  pulley  on 
one  overhanging  end,  with  a  loose  pulley  alongside  of  it,  the  loose 
pulley  being  carried,  not  by  the  fly-axle  itself,  biit  by  a  sejiaiate 
axle  in  the  same  straight  line  with  the  fly-axle. 

After  the  axle  with  its  fly-disc  haa  been  set  in  motion  at  a  speed 
greater  than  the  working  speed  of  the  axles  to  which  the  unguent 
to  be  tested  is  to  be  applied  in  practice,  the  driving'gear  is  to  be 
disengaged  1  when  the  speed  of  rotation  will  undergo  a  gradual 
retardation  through  the  friction  of  the  journals.  The  numbers  of 
toms  made  in  a  series  of  equal  intervals  of  time  (for  example, 
intcrvsls  of  thirty  seconds,  or  of  sixty  seconds,  or  of  a  hundred 
Mconds)  are  to  be  observed  on  the  counting  dial»,  and  noted  down. 

Let  W  denote  the  weight  of  the  whole  rotating  ma.'ta,  con- 
sisting of  the  axle  with  its  fly-disc;  ;,  the  I'adius  of  gyration 
of  that  ma^  (See  Article  313,  page  357).  Let  t  be  the  uni- 
form length  in  seconds  of  the  intervals  of  time  during  which 
the  numbers  of  revolutions  are  recorded ;  and  in  one  of  those 
intervnts  let  the  disc  make  n  revolutions,  and  in  the  next 
interval   it'  revolutions.      Then    the   uitau    angular    velocity    is, 


duiing  the  first  interval, 

a  « 


and  during  the  second  interval, 
and  treating  the  rate  of  retardation  as  sensibly  unifonn,  the 


retardation  whicli  takes  place  during  the  t  seconds  which  eUpae 
from  the  middle  of  the  first  interval  to  the  middle  of  the  second 
iotprval  is 

8  -  (~  -  "'). 


3  to  produce  that  retardation  in  the  cour 
e  moment  of  inertia  is  W;^,  there  i 
mt  of  the  following  value : — 


)  of  ( seconds  in  a  body 
retjuircd  a  retarding 


,..(1.) 


%  IWt  of  the  retarding  moment  is  due  to  the  resistance  of  the  air; 
I  if  the  fly  is  a  smooth  round  disc  without  arms,  t,K\&  iio^j  Va 
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neglected  for  the  purpose  of  the  experimentfl^  and  tlie  whole  moment 
treated  as  due  to  axle-friction.  Let  r  be  the  radius  of  the  journals, 
and  f  the  co-efficient  of  friction :  then,  as  before,  the  moment  of 
friction  is  very  nearly/ W  r;  and  by  eqaatixig  this  to  the  ralud- 
ing  moment,  and  dividing  both  sides  of  the  equation  bj  W  r,  we 
obtain  the  following  formula  for  the  oo-effident  of 


.     2  >  (n  -  nQ  e»  ^. 

^  "         JWi^        • W 

When  the  numbers  of  revolutions  have  been  obseived  during  a 
series  of  more  than  two  equal  intervals  of  time,  the  fidn&ola  S  for 
the  co-efQcient  of  friction  is  to  be  applied  to  each  conaoctttivc  pair 
of  intervals,  and  a  mean  of  the  results  taken. 

The  radius  of  g3rration  e  and  the  radius  of  the  jooxnals  r  dwald 
of  course  be  expressed  in  the  same  units  of  measure.  In  British 
measures,  feet  are  the  most  convenient  for  the  j^eaeat  purpoea 
The  constant  factor  has  the  following  values : — 


2cr 


g        5*125  feet      156  m^tre* 


.(3.) 


Similar  experiments  may  be  made  with  a  disc  rotating  abont  a 
vertical  axis,  and  supported  by  a  pivot;  regard  being  had  to  the 
value  of  the  moment  of  friction  of  a  pivot,  as  stated  in  Artide  311, 
page  356. 

To  find  the  square  e^  of  the  radius  of  gyration  by  experiment, 
fix  a  pair  of  slender  pins  in  the  two  faces  of  the  disc  at  two  points 
opposite  each  other,  and  near  its  circumference ;  hang  up  tiM  div 
with  its  axle  by  these  pins,  and  make  it  swing  like  a  pendulum  in 
a  plane   perpeudicular  to  its  axis;  count   the   number  of  single 
swings  in  some  convenient  interval  of  time ;  calculate  their  number 
per  second,  and  let  N  denote  that  number.     Then  calculate  tiie 
length  L  of  the  equivalent  simple   pendulum,  by  the  foUovii^ 
formula : — 

L  =  -;4i W 

The  constant  factor  of  this  expression,  being  the  length  of  ^ 
seconds  pendulum,  has  approximately  the  following  values: — 

%  =  3-2G  feet  =  0992  metre. (5.) 

Let  C  be  the  distance  from  the  point  of  suspension  to  the  axi* 
of  figure  of  the  disc  and  axle;  then  the  square  of  the  radios  ot 
gyration  is  calculated  as  follows  : — 

e«  =  C(L-C). (6.) 
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When  tbo  object  of  the  experiments  ie  uot  to  obtain  obsoluto 
,  of  the  co-efficient  of  friction,  but  merely  to  compare  one 
len  of  unguent  with  another,  it  ia  enfficient  to  comparo 
her  the  rates  of  retardation  with  the  two  unguents  in  equal 
rals  of  time. 

t  III.  Comparison  of  Heating  Effxte. — For  the  same  purpose  of 
DMuing  unguent»  with  eodi  other,  without  measuring  the  friction 
lolQt«ly,  the  heating  effects  of  the  friction  with  different  unguents 
^  >  sometimes  compared  together.  The  apparatus  used  is  aimilttr 
•(batdeecribed  underthe  bead  of(I.)  Static  Apparatus:  except  Umt 
ttianoreverHing-gear.and  that  thependulum,or  loaded plumber- 
'  '  «no  index  nor  graduated  arc,  and  ia  provided  witb  a  ther- 
imaieMr,  bavliig  its  bulb  immersed  in  tlie  passage  through  which 
tlM  vnguent  flows  from  the  grease-box  to  the  journal.  Another 
tJwnnaaeter,  b\iog  on  the  wall  of  the  room,  shows  the  t«mpenturQ 
of  the  air.  The  axle  is  driven  at  its  proper  g|}eed,  until  the 
temperature  shown  by  the  tirsl-mentioned  thermometer  ceases  to 
riae;  sud  then  the  elevation  of  that  temperature  above  the 
temperature  of  the  air  is  noted.    (See  Article  310,  page  353.) 

In  all  experiments  for  the  purpose  of  comparing  unguents  witb 
>;icfa  other,  care  should  be  taken  (o  remove  one  sort  of  unguent 
'■■mpletely  from  the  rubbing  surfaces,  grease-box,  and  passages, 
l>cjbce  beginning  to  teat  the  effect  of  anodier  sort,  lest  the  mixture 
ul'  different  surt^  of  unguents  should  make  the  experiments  incoo- 
donve. 


I 


Addezxduu  to  AitTicLE  309,  Page  3i8. 

•r  Piiisaa  BMrf  Plnntcn. — From  experiments  made  by- 
Mr.  William  More  and  others,  it  ^.fpears  that  the  friction  of 
txAixaiTy  pistons  and  plungers  may  be  estimated  at  about  ooe- 
tentli  of  the  amount  of  tho  effective  pressure  exerted  by  the  fluid 
«Mi  the  piston. 

The  friction  of  a  plunger  working  through  a  cupped  leather 
VoUKr  is  equal  to  the  pressure  of  the  fluid  upon  a  ring  equal  in 
«dtimmfereDce  to  the  collar,  and  of  a  breadth  which,  according  to 
"H-  Uore's  experiments,  is  about  0'4  of  the  depth  of  bearing-sur- 
-Smc  of  tho  collar)  and  according  to  the  experiments  of  Messn. 
Sick  and  Luthy,  from  01  to  'OlS  inch  (=  from  -25  to  "375 
^uUilB^tres},  according  to  the  state  of  lubrication  of  the  collar. 


I 
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CHAPTER  IIL 

OF  BBOULATINO  APPASATUS. 

349.  BegBlattec    Appaiwttu    Cimmtd — BvbIm — Vl7«.< 

The  effect  of  all  regulating  apparatus  is  to  control  the  apeed  of 
machinery.  A  regulating  instrument  may  act  simplj  hj  con- 
suming energy,  so  as  to  prevent  acceleration,  or  produce  re- 
tardation, or  stop  the  machine  if  required;  it  is  then  called  a 
brake;  or  it  may  act  by  storing  surplus  enei^  at  one  time,  and 
giving  it  out  at  another  time,  when  energy  is  deficient:  in  this 
case  it  is  called  sijly;  or  it  may  act  by  adjusting  the  power  of  the 
prime  mover  to  the  work  to  be  done,  when  it  is  called  a  yoiwingr. 
The  use  of  a  brake  involves  waste  of  power.  A  fly  and  a  govenor, 
on  the  other  hand,  promote  economy  of  power  and  economy  of 
strength. 

Section  I. — Of  Brakes, 

350.  Brakes  Bcflaed  aad  Clasaed. — ^The  contrivances  hereOOID- 

prehended  under  the  general  title  of  Brakes  are  those  by  mmas  of 
which  friction,  whether  exerted  amongst  solid  or  fluid  pariirlw> 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  eitlMr  to 
stop  it,  to  retard  it,  or  to  employ  superfluous  enei^  daring  unifcni 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  it  i> 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  toooa- 
yenience  or  safety. 

Brakes  may  be  classed  as  follows : — 

I.  Block-brakes,  in  which  one  solid  body  is  simply  prened  agunift 
another,  on  which  it  rubs. 

II.  Fleanble  brakes,  which  embrace  the  periphery  of  adnoD  ff 
pulley  (as  in  Pron/s  Dynamometer,  Article  341,  page  383)^ 

III.  Pump-brakes,  in  which  the  resistance  employed  if  thv 
friction  amongst  the  particles  of  a  fluid  forced  throng  a  ntnov 
passage. 

rV.  Fan-hrakes,  in  which  the  resistance  employed  is  that  rf» 
ifluid  to  a  fan  rotating  in  it 

351.  AcU«a  •f  Brake*  la  Oeaeral. — ^The  work  disposed  of  l^* 

brake  in  a  given  time  is  the  product  of  the  resistance  which  it  po* 
<luces  into  the  distance  through  which  that  resistance  is  orwooMi 
in  a  given  time. 

To  stop  a  machine,  the  brake  must  employ  work  to  the  vaffO^ 
of  the  whole  actual  enei^  of  the  machine,  as  already  ilalii  >* 


I 


Aitide  334.  To  retard  a  machine,  the  brake  isuBt  employ  work 
to  an  amount  equal  to  the  difference  between  the  actual  cnergiei 
of  the  machine  at  the  greater  and  less  velocities  respectively. 

To  ditpose  of  sarplus  energy,  the  brake  must  eiiijiloy  work  equal 
to  that  energy;  that  is,  the  resistance  caused  by  the  brake  must 
baluiice  the  surplus  effort  to  which  the  surplus  energy  ia  dtie;  bo 
that  if  n  is  the  retio  which  the  velocity  of  rubbing  of  the  brake 
bears  to  the  velocity  of  the  driving  poiat,  P,  the  nirplut  ^oH  at 
the  driving  point,  and  B  the  resiatauce  of  the  brake,  we  ought  to 
IisTe — 


K  = 


-(!■) 


It  ia  obviously  better,  when  practicable,  to  store  surplus  enei 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
bnke. 

"When  the  action  of  a  brake  composed  of  solid  material  is  long- 
ooDtinued,  a  stream  of  wat«r  must  be  supplied  to  the  nibbing 
Mnftc«a,  to  abstract  the  beat  that  is  produced  by  the  friction, 
according  to  the  law  stated  in  Article  311,  page  354. 

S5i.  KUck-Bnko. — When  the  motion  of  a  machine  is  to  bo 
eontrolled  by  pressing  a  block  of  solid  mat«ria1  against  the  rim  of 
a  rntating  drum,  it  ia  advisable,  inasmuch  aa  it  ia  easier  to  renew 
tke  rubbing  mrfuce  of  the  block  than  that  of  the  drum,  that  the 
drum  should  be  of  the  harder,  and  the  block  of  the  Hoft«r  material 
— the  drum,  for  example,  being  of  iron,  and  the  block  of  wood. 
Tb«  beat  kinds  of  wood  for  this  purpoee  are  those  which  have  con- 
Md«»h]e  stiength  to  renst  cnishing,  mch  as  elm,  oak,  and  beech, 
Tb«  wood  Ibrma  a  fisdng  to  a  ftame  of  iron,  and  can  be  renewud 

Wbeo  the  brake  is  prcMpd  against  the  rotating  drum,  the  direc- 
iMn  vt  the  preanire  between  tbem  ia  obliquely  oppoaed  to  th« 
■aotioti  of  the  dram,  so  as  to  make  an  angje  with  the  i«dina  of  tho 
dn»  equal  lo  the  ony^  tif  repom  of  the  rubbing  auHocea  (d«uolad 


;  Aa  cDopoDieiit  perpendicular  to  the  rim  of  the  dmm  is  tb« 
1  fumai*.  (N)  nquind  io  order  to  pTodnee  that  frictkni,  and 
■  ky  tlM  eqnalkm 

^'Y. - W    i 


.heiDg 


of  frictkn,  and  tlie  fRiper  nine  of  I 


m  m  wmtf^  aoinUe  tkat  tbe  Wake  Aonld  bo  arable  of 
fim  iia  pDpOK  vim  preawd  ^piMl  tko  dr«B  WmHLA 
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the  strength  of  one  man,  pulling  or  pushing  a  Jumdle  wiih  one 
hand  or  one  foot.  As  the  required  normal  presBiixe  K  ia  usually 
considerably  greater  than  the  force  which  one  man  can  eKCtt^  a 
lever,  or  screw,  or  a  train  of  levers,  screws^  or  other  convenient 
mechanism,  must  be  interposed  between  the  hiake  block  and  the 
handle,  so  that  when  the  block  is  moved  towards  the  drum,  the 
handle  shall  move  at  least  through  a  distance  as  many  times  greater 
than  the  distance  by  which  the  block  direoUy  approaciheB  the  drum, 
as  the  required  normal  pressure  is  greater  than  the  foroe  which 
the  man  can  exert. 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  lbs.,  or  150  lbs.,  for  a  short  time,  it  is  desiiable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a  force 
greater  than  he  can  keep  up  for  a  considerable  time,  and  exert  re- 
peatedly in  the  course  of  a  day..  wiUiout  &tigue— tiiat  is  to  sav, 
about  20  lbs.  or  25  lbs. 

353.  The  Brakes  ^f  Canteaes  are  usually  of  the  dan  just  de- 
scribed, and  are  applied  either  to  the  wheels  themselves  or  to 
drums  rotating  along  with  the  wheels.     Their  effect  is  to  stop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  slip,  instead  of 
rolling  on  the  road  or  railway.     The  resistance  to  the  motion  of  a 
carriage  which  is  caused  by  its  brake  may  be  less,  but  cannot  be 
greater,  than  the  friction  of  the  stopped  or  retarded  wheels  on  the 
road  or  rails  under  the  load  which  rests  on  those  wheels.    The 
distance  which  a  carriage  or  train  of  carriages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping,  is  found  br 
dividing  the  actual  energy  of  the  moving  mass  before  the  brakes 
are  applied,  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  brakes;  in  other  words,  that  di«- 
tance  is  as  many  times  greater  than  the  height  due  to  the  speed  ai^ 
the  weight  of  the  moving  mass  is  greater  than  the  total  resisuocv. 

The  skid,  or  slipper-drag^  being  placed  under  a  wheel  of  a  carm^e, 
causes  a  resistance  due  to  the  friction  of  the  skid  upon  the  loid  or 
rail  under  the  load  that  rests  on  the  wheel. 

354.  FieziMe  Brakes.  (A,  if.,  678.) — A  flexible  brake  embnces 
a  greater  or  less  arc  of  the  rim  of  a  drum  or  pulley  whose  motioa 
it  resists.  In  some  cases  it  consists  of  an  iron  strap,  of  a  nditf 
naturally  a  little  greater  than  that  of  the  drum;  so  that  when kft 
free,  the  stnip  remains  out  of  contact  with  the  drum,  and  doei  ^ 
resist  its  motion ;  but  when  tension  is  applied  to  the  ends  of  tbe 
strap,  it  clasps  the  drum,  and  produces  the  required  frictioo.  Tbe 
nm  of  the  drum  may  be  either  of  iron  or  of  wood.  In  other  «w» 
the  brake  consists  of  a  chain,  or  jointed  series  of  iron  bars,  yhmUj 
faced  with  wooden  blocks  on  the  side  next  the  drum.  Whoa  tcn- 
•ion  is  applied  to  the  ends  of  the  chain,  the  blocks  da^  the  dnin 
and  proauee  Mctioii ;  when  that  tension  ia  removed,  the  blocks  ti« 


-diKwn  back  from  tbe  <h'iini  by  springs  to  whicli  they  are  att«ehed, 
sod  Ihe  friction  ceasce. 

The  folJowiog  formulie  are  exact  for  perfectly  flexible  continnoaa 

baode,  and  approximate  for  elastic  straps  and  for  ciiains  of  blocks. 

_  Keir  demonstration  has  already  been  given  in  Article  310  A,  page 

In  fig.  254,  let  A  B  be  tbe  drum,  and  C  its  axis,  and  let  the 
pidirectioD  of  rotation  of  the  drum  be  indicated 
"  f  the  arrow.  Let  T,  and  T,  represent  the 
nsioos  at  the  two  ends  of  the  strap,  which 
nbraces  the  rim  of  the  drum  throughout  the 
C  A  B.  The  tension  T,  exceeds  the  tension 
I  by  au  amount  equal  to  the  friction  betweeii 
e  strap  and  drum,  B;  that  is, 


e  denote  the  ratio  wh  ich  the  arc  of  contact, 

L  B,  beara  to  the  arcumfertnce  of  tbe  drum  i 

^  llie  co-efficient  of  friction  between  the  strap 

1  dmiu ;  then  the  ratio  T,  :  T,  is  (A«  nu»i6«r 

n  ammum  logaritAmU  27288/c,  or 


±\_  ^   101-JI88/C  , 


N; 


1  number  having  been  found,  is  to  be  used  in  the  following 
lis  for  finding  the  tensions,  T,,  T^  required  in  order  to  pro- 
»  ■  given  resistance,  R  i — 


Siackward  or  greatest  tenr'i 


d  or  least  tennon, 


I" 


..(8.) 


_  B  following  cases  occur  in  practice  : — 

i  Wben  it  u  desired  to  produce  a  great  rtsiilatux  eompartd 

%  Ik  ybres  t^ied  to  the  braie,  tbe  backward  end  of  tbe  brake, 

•  tii«  tension  is  T„  is  to  be  fixed  to  the  framework  of  tho 

iuiaj,  and  the  forward  end  moved  by  means  of  a  lever  q- 

r  suitable  mechanism;  when  the  foroo  to  be  applied  by  n 

i  tbst  mechanism  will  be  Tj,  which,  by  making  N  sufficiently 

JMt.  mn  be  made  smalt  as  compared  with  B. 

k  IL  Vabq  It  is  desired  that  t/m  renuitance  «/taU  alteays  he  Itu  liuM 

vteua  ]^'van  force,  the  forwaiil  end  of  tbe  brake  is  to  ho  lisnd, 

I  Hi*  bukward  end  pulled  with  a  force  not  oxoeediog  the  given 

Ibis  irill  be  T,;  and,  u  the  equation  2  tkows,  howg 
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soever  N  may  be,  B  will  alwajs  be  len  tiuiD  Tj.  Tiaa  is  tlw 
principle  of  the  brake  applied  by  Sir  William  Tbomaon  to 
.apparatus  for  paying  out  submanDe  telcgiaph  cables,  with  a  viev 
to  limitiiig  the  reaiatance  within  the  amoont  which  the  caUe  can 
-safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  valne  to  tlie 
ratio  S,  the  flexible  brake  may  be  coiled  Bpirallj  round  the  dram, 
■o  as  to  make  the  arc  of  contact  greater  tluui  one  cdrcomferencft 

355.  PBBr-BimksB. — The  resistance  of  a  finid,  forced  hf  a  pnmp 
through  a  narrow  orifice,  may  be  used  to  dispose  of  aapaflnoos 
enei^;  as  in  the  "cataract,"  or  "dash-pot" 

The  enei^  which  is  expended  in  forcing  a  given  w^ght  cf  fluid 
through  an  orifice  is  found  by  multiplying  that  wei^t  into  the 
beight  due  to  the  greatest  velocity  which  its  particles  Boqnire  in 
that  process,  and  into  a  &ctor  greater  than  unity,  which  for  cadi 
kind  of  orifice  is  determined  experimentally,  and  wlioM  exoeM 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  oriflce  bean  to 
the  energy  expended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  the  values  of  that  factor,  which  wiU 
be  denoted  by  1  +  F; — 

For  an  orifice  in  a  thin  plate,  1  +  F  =  1*054. {1.) 

For  a  straight  uniform  pipe  of  the  length  t,  and  whoae  kydranlie 
•jttean  depth,  that  is,  the  area  divided  by  the  circumference  of  iti 
tfroBs-section,  ia  m, 

1  +  F  =  1505  +^. (i) 

For  cylindrical  pipes,  m  b  one-fourth  of  the  diameter. 

The  factor  /  in  the  last  formula  ia  called  the  co-^gSeiaU  t^/tidim 
of  the  fluid.  For  u>al«r  tn  iron  pip»t,  the  diametsr  d  being  d- 
pressed  in  feet,  its  value,  according  to  Darcy,  ia 

/=  0005  (i  +  A) (i) 

ForotV,  /=  0006  nearly. (I) 

The  greatest  velocity  of  the  fluid  particles  ia  found  by  di<ri£i>( 
the  volume  of  fluid  discharged  in  a  second  by  the  area^dieoaM 
at  its  moat  contracted  [»rt  When  the  outlet  ia  a  arliDdiinl 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  ia  ^ 
calculation;  but  when  it  ia  an  orifice  in  a  thin  pUte,  thae  ii  > 
eotOraeltd  vein  of  the  issuing  stream  after  passing  the  orifiot^  *k»* 
area  is  on  an  average  about  0-62  of  the  area  of  the  orilee  iti^! 
Aod  that  contracted  areti  ia  V)  b«  employed  in  oonpoti^  t^ 
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city.     ItB  ratio  to  tbe  area  of  the  orifice  in  the  plate  is  called 

e  eo-fffiicient  of  contraction. 

,  The  computation  of  the  energy  expended  in  forcing  a  given 

intity  of  a  given  flnid  in  a  given  time  through  a  given  outlet,  is 

iressed  symbolically  as  follows  : — 

i  Let  V  be  the  volume  of  fluid  forced  through,  in  units  of  voluin* 

r  second. 
t  D,  the  heavineiu  of  the  fluid  (see  page  32C). 
I  A,  the  area  of  the  orifice. 
I  c  the  co-efficient  of  conti'actloD. 
u  V,  the  Telocity  of  outflow, 
■  Ji,  the  resistance  overcome  by  the  piston  of  the  pump  in  drivinff 

I'W,  the  Telocity  of  that  piston. 


■  cA' 


,..(5.) 


=    D   V(l     +    F};, 


•  ftotor  1  4-  Fbeing  computed  by  means  of  the  forroulie  1,  2,  3,  4. 
K^d  find  the  intensity  of  thepresaare  (p)  within  the  pump,  it  i» 
'b  be  observed,  as  in  Article  302,  that  if  A'  denotes  the  area  of  the 


V  =  A'u;  R  =;»  A' 


.■{7.> 
..(8.) 


t  is,  the  intetaUij  of  the  prtmtire  m  tiuxt  diie  to  the  weight  o/  a 
ItMf  oobuan  of  the  fiwd,  wbott  height  it  greater  than  thai  due  to 
b  vrfonty  o/mUflow  in  the  ratio  1   +  F  :  1. 

iTo  allow  for  the  friction  of  the  piston,  about  one-ientK  may  in 
^bent  be  added  to  the  result  given  by  etjnatiou  0.  (Seo  jiage  399.) 
■Tlw  piston  and  pump  have  been  spoken  of  an  single ;  and  such 
'  f  be  the  case  when  the  velocity  of  the  piaton  is  uniform.  When 
(on,  however,  is  driven  by  a  crsnk  on  a  shaft  rotating  at  an 
a  speed,  its  velocity  varies;  and  when  a  pump-brake  is  to 
tallied  to  such  a  shaft,  it  is  necessary,  is  onler  to  give  a 
^ciently  near  approximation  to  an  nDiform  velocity  of  outflow, 
'1  there  should  be  at  least  either  tbre«  single  acting  pam|ia, 
1  by  three  cranks  making  with  each  other  angles  of  120°,  or 
r  of  double-acting  pomps,  driven  by  a  pair  of  cranks  at  r^t 
s  lo  each  other;  ud  the  result  will  be  better  if  Uw  pnmp* 


I 


force  the  floid  into 
resistiog  orilice. 

That  orifice  may  be  provided  with  a  valve,  by  mcMis  of  irtiick  Ha 
area  can  be  adjusted  so  as  to  cause  any  required  reaisteoc& 

A  pumpbrake  of  a  simple  kind  la  exemplified  in  the  "jt™ ''— 
called  the  "eatairaet,"  for  regulating  the  opening  of  tlie  iitiBiii  nlre 
in  single-acting  steam  engines.  It  is  fully  described  ra  MM 
apeciul  ti-eatises  on  those  enginea.* 

356.  FBH-BrokeiH — A  fun,  or  vLeel  with  vanes,  revoliiiig  in 
water,  oil,  or  air,  may  be  used  to  diapoae  of  surplus  enogy;  nj 
the  reaiatance  which  it  causes  may  be  rendered  to  a  certain  mM 
adjustable  at  will,  by  making  tbe  vanes  so  as  to  be  oapabk  of  Mir 
set  at  different  angles  with  their  direction  of  motion,  or  at  diflarr- 
distances  front  tlieir  axis. 

Fan-brakes  are  applied  to  various  machines,  and  are  tan: ' 
adjuatfid  ao  as  to  produce  the   requisite  resistance  by  trial. 
indeed,  by  tml  only  that  a  final  and  eieact  adjoatment  a 
effected;  but  trouble  and  expense  may  be  saved  by  mal'  _  ' 
first  place,  an  approximate  adaptation  of  the  fan  to  iu  poipMt^ 
calculation. 

The  following  formulw  are  the  reaolto  of  the  ( 
Duchemin,  and  are  approved  of  by  Poncelet  in  hii  Mkt 
InduslridU : — 

For  a  thin  flat  vane,  whose  plane  travenn  it3  axis  of  N 

A  denote  the  area  of  the  vane ; 

/,  tbe  distance  of  its  centre  of  area  from  the  axis  of  tntatiti; 

s,  the  distance  from  the  centre  of  area  of  the  e 
the  centre  of  ai-ea  of  that  half  of  it  which  U«g  nearest  tk  •xk 
rotation; 

V,  the  velocity  of  the  centre  of  area  of  the  vane  (  =  fl  (  if  •  ■ 
the  angular  velocity  of  rotation) ; 

D,  the  heaviness  of  the  fluid  in  which  it  n 

R  I,  the  moment  of  resistance ; 

k,  a  co-efiicieut  whose  value  b  given  by  the  f< 

k  =  1-254  +  1-62W 


RZ  =  UDA 


When  the  vane  is  oblique  to  ite  direction  of 

'  Pnmp-bmVc*  \\Kve\ieCTi  ajwiliod  to  nilimr  aniwca  Iw  Mr  " 
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e  acute  angle  which  its  surface  makes  with  that  direction;  then 
e  result  of  e^^uation  2  is  to  be  multiplied  by 


..(3.) 


<  It  appean  that  the  reaistance  of  a  fan  with  sevei'al  vt 
"  (arlj  in  proportion  to  the  number  of  vanes,  so  long  as  their  die- 
apart  are  not  less  at  any  poiot  than  their  lengths.  Beyond 
Mt  limit  the  law  is  uncertain. 


Section  IJ.—Of  Fly-W/uieU. 

t  &57.  Potodlcol  vinciMUMw  af  HpcMi  in  a  machine  (A.  M.,  6S9) 

t  caused  by  the  alternate  excess  and  deficiency  of  the  energy 

t  above  the  work  i>erfonned  in  overcoming  resisting  forces, 

.   produce  an  alternate  inerease   and   diniinntion  of  actual 

*rgy,  according  to  the  law  explained  in  Article  330,  page  373. 

\  To  determine  the  greatest  Bnctuation  of  speed  in  a  machine 

ing  periodically,  take  A  B  C,  in  fig.  365, 

t  represent  the  motion  (if  the  driving  point 

~iDgone  [jeriod;  let  the  effort  P  of  the  prime 

*tx  «t  each  instant  be  represented  by  the 

linate  of  the  curve  D  G  E  I  F;  and  let  the 

n  of  the  resistances,  reduced  to  the  driving  ~ 

"■    «  in  Article  30o,  at  each  instant,  be 

d  by  R,  and  represented  by  the  ordinate 

cnn-e  D  H  E  K  F,  which  cuts  the  former  cni-ve  at  the 

wtes  A  D,  B  E,  C  F.     Then  the  integnd. 


ffl- 


I 


Fig.  !GS. 


/(P-K),/,, 


I  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 

y  of  energy,  according  as  it  is  positive  or  negative.     For  the 

B  period  ABC,  this  integral  is  nothing.     For  A  B,  it  denote« 

MH  t/ ener^ rteeivtd,  represented  by  the  area  D  G  E  H;  and 

r  B  C,  an  equal  exetts  of  «jori  performed,  represented  by  the  equal 

a  £  K  F  I.     Let  those  equal  quantities  be  each  represented  by 

Then  the  actual  energy  of  the  machine  attains  a  maximum 

Mne  at  B,  and  a  minimnm  value  at  A  and  C,  and  ■!  E  is  the 

Eferenoe  of  those  vatnea. 

_  Now  I^t  To  be  the  mean  velocity,  »,  the  ntatest  veloci^,  r,  Ui« 

t  velocrty  of  the  driving  point,  and  2  ■  «*  W  th«  rvUuxd  tMrtis 

Vthe  naclune  (sm  Article  315,  page  362);  tlien 

=2-     '■v.„tw=*E; .tj..'. 


408  DYNAMICS  OF  MAGHIHXBT« 

which,  beiog  divided  by  the  fMan  (kdbwd  miar^^ 


gives 


A  E 

and 

observing 

that  Vq  = 

:  (vj  +  r j)  -*. 

2,  we 

find 

^0 

r,      A-E 

^E 

• 

n^W 

(2^) 


(3-) 

a  ratio  which  may  be  called  the  co-^fficimt  offluetuaiion  i^tpmd 
or  of  unateadinesa. 

The  ratio  of  the  periodical  excess  and  deficiency  of  eneigy  ^  B 

to  the  whole  energy  exerted  in  one  period  or  rovolationy  jT  di, 
has  been  determined  by  General  Monn  for  steam  engines  nnd^ 
various  circumstances,  and  found  to  be  from  fTx  ^  t  for  single- 
cylinder  engines.  For  a  pair  of  engines  driving  the  same  shaft, 
with  cranks  at  right  angles  to  each  other,  the  value  of  thiei  ratio 
is  about  one-fourth,  and  for  three  engines  with  cranks  at  110'', 
one-twelfth  of  its  vadue  for  single-cylinder  engines. 

The  following  table  of  the  ratio,  a  E  -i-  IF  da,  for  one  revoUtiim 

of  steam  engines  of  different  kinds  is  extracted  and  condensed  finon 
General  Morin's  works: — 


NoN-ExPANsrvE  Engines. 

Length  of  connecting  rod  ^  - 

Length  of  crunk =865 


aE 


-^  (Vda  =  -105         'iiS         -125        '13* 


Expansive  Condensing  Engines. 

Connecting  rod  =  crank  x  5. 

Fraction    of   stroke    at>i^2         JL  'JL- 

which  steam  is  cut  off,  j         3  4  5  "2         7        ^ 

aH  -i-  JF  da         =     .163      173      178     -184     189    T91 


noo-expuiiiTe  eo^nr^ 

For  tool*  Koriutg  da  _  __ 

plKt«-cuUiag  la^aarm,  eoang  |Ran%  fc,  a  B  ■  ■ 
tfae  wLole  work  inifn«»«iil  at  cMk  «fntiia. 

besTy  rim,  whow  great  ucmttA  tt  Mrtm  kiag  wMa^H^M  ■ 

-'lliiihiiiii f  nil  III  III!  iiiilaialiiil— — l,^iii^iiirt      fci 

ntlinary  iiinchuiety,  and  ^ 


"»"»" 


Let  ~  be  the  iiit«i)<iol  *alM  of  tfae  fl»«Bd(at  «{•■(•■«■«  a^ 

^Med,  aod  ^  E,  u  bifoR,  the  iHtMl^  of  ^BKf-.  ITOitiitp 
be  proTideil  for  by  the  moa>«it  rfintrtw,  1,  rf  ttel/  miadtitmt^ 
Ivrt  0,  be  ita  mean  angular  nloeitf ;  littm  a^Hiiiaa  3  rf  AitU» 
3fi7  ii  equivaleDt  to  tlw  foilawii^ : — 


„_a-) 


— (i> 


I 


^**  aeoond  of  wiuch  eqnatioiu  girea  the  ci 
■^  the  fly-wheel 
_.X*lie  fluctDation  of  energy  may  arise  either  frnn  ratiatioia  i>  As 
^^^rt  exerteil  by  the  prime  mover,  or  fram  variationa  in  tbe  ran(- 
f?*^,  or  from  Uith  those  causes  combined.  When  bnt  om  ^ 
^^^el  ia  uaed,  it  should  be  placed  in  aa  dit«ct  connedkn  ^ 
^^aihle  with  that  part  of  the  mechanism  where  the  graalofc 
^*^aunt  of  the  fluctuation  originates;  but  when  it  originate*  at 

^  or  mote  pointa,  it  m  best  to  have  a  fly-wheel  in  connectim 

*-li  each  of  those  point*. 
^^^or  example,  let  there  be  a  steam  engine  which  drives  a  shaft 
^^i  traverses  a  workshop,  haviug  ut  intervals  npon  it  pull*"  ''— 
^^■^ing  Tarioua  macliiiie-tools.     The  steam  au^poa  ft      ' " 
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fly-wheel  of  its  own,  as  near  as  practioaUe  to  its  cmik,  adapted  to 
that  value  of  A  E  -which  is  due  to  the  fluctuations  of  the  effint 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  ihtJL 
effort,  and  which  may  be  computed  by  the  aid  of  Clenenl  Morin's 
tables^  quoted  in  Article  357 ;  and  each  machine-to<d  should  also 
have  a  fly-wheel,  adapted  to  a  value  of  A  £  equal  to  the  whde 
work  performed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly-wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  practical  puipotes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  w^ght  of  the 
rim  multiplied  by  the  square  of  the  mean  between  its  outnde  and 
inside  radii — a  calculation  which  may  be  expressed  thus:— 

I  =  Wf2; (3.) 

whence  the  wmght  of  the  rim  is  given  by  the  formula — 

W  =  !?«;f^  =  ^?-^, (4) 

if  tr  be  the  velocity  of  the  rim  of  the  fly- wheel 

In  millwork  the  ordinary  values  of  the  product  m  g,  tlw  unit 
of  time  being  the  second,  lie  between  1,000  and  2,000  feet^  or 
approximately  between  300  and  600  metres.  In  pnmpiiig- 
machinery  it  is  sometimes  only  about  300  feet,  or  90  m^trea 

The  lim  of  the  fly-wheel  of  a  factory  steam  engine  is  veiy  often 
provided  with  teeth,  or  with  a  belt,  in  order  that  it  may  directly 
drive  the  machinery  of  the  factory. 

Section  III. — 0/ Governors. 

359.  The  Regviator  of  a  prime  mover  is  some  piece  of  apptnta$ 
by  which  the  rate  at  which  it  receives  eneigy  fix>m  the  aoaroe  of 
energy  can  be  varied;  such  as  the  sluice  or  valve  which  adjiwt* 
the  size  of  the  orifice  for  supplying  water  to  a  water-whed,  tke 
apparatus  for  varying  the  surface  exposed  to  the  wind  by  windiiin 
sails,  the  throttle- valve  which  adjusts  the  opening  of  the  ateafli  fi^' 
of  a  steam  engine,  the  damper  which  controls  the  supj^y  d  mrtb 
its  furnace,  and  the  expansion  gear  which  regulates  the  vohuM  of 
steam  admitted  into  the  cylinder  at  each  stroke  of  the  pistoiL 

In  prime  movers  whoso  si>ced  and  power  have  to  be  freyiartly 
and  rapidly  varied  at  will,  such  as  locomotives  and  windting 
engines  for  mines,  the  regulator  is  adjusted  by  hand.  In  oUmt 
cases  the  regulator  is  adjusted  by  means  of  a  self-acting  inalBnnMii^ 
driven  by  the  prime  mover  to  be  regulated,  and  called  a  Qorwuo^ 

The  special  construction  of  the  different  kinds  of  rsgnktoit  v* 
Bttbject  for  a  treatise  on  prime  mo  vera    In  the  prasenl  Umliw  ^ 


F 
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ia  BnSdcnt  to  atate  that  in  every  governor  there  is  a  moving  |)iwi« 
which  nets  on  the  regnlntor  throng  a  euitablo  train  of  ni^ctiauitai), 
and  which  ta  itaelf  made  to  move  in  one  dire«tiou  or  in  another 
according  as  the  prime  mover  ia  moving  too  fa«t  or  too  slow. 

The  object  of  a  governor,  properly  bo  called,  ie  to  proaerve  s- 
osrtain  nniform  q>eed,  either  exactij  or  approximately ;  and  Buoh 
■■  always  the  caM  in  millwork.  There  are  other  casea,  an  in 
marine  ateam  engines,  where  it  may  be  conaidered  aufficient  to 
ptwTeut  sndden  variations  of  B|M*d,  without  preserving  an  uniform 
speed ;  and  in  those  cases  an  apparatus  may  be  used  posse^ng 
ouly  in  part  the  properties  of  a  governor :  this  may  be  called  a 
fiy-govemor,  to  diattaguish  it  from  a  governor  proper. 

Qoremora  proper  may  be  diatiuguished  into  poiiiion-govarnors, 
ditengaffenient-govemora,  and  Uifferential-govenwrs :  a  poaition-gov- 
«fnoT  being  one  in  which  the  moving  piece  that  acbt  on  the  regu- 
lator assumes  positions  depending  on  the  speed  of  motion,  aa  in 
tfae  common  steam  engine  governor,  which  consists  of  a  pair  of 
■evolving  pendulums  acting  directly  on  a  train  of  mechanism  which 
adjosts  the  throttle-valre:  a  diaengaging-govemor  being  one  which, 
Avhen  the  speed  deviates  above  or  btlow  its  proper  value,  throws 
**"  t^nlabn-  into  gear  with  one  or  other  of  two  trains  of 
which  move  it  in  contrary  directions  so  as  to  diminish 
the  ^eed,  as  the  case  may  require,  as  in  water-mill 
and  a  difEerenUal-govemor  being  one  which,  by  means 
m  aggregate  comfauiatkm,  moves  the  rcgnlator  in  one  direction 
K  member  witli  a  apead  proportional  to  the  diflcrence  between 
■ciaal  apced  and  ue  {mner  qxied  of  Uie  enf^e. 

sU  govenaon  uie  action  dependn  on  the  centrifugal 
hf  two  or  man  nwaaes  which  revolve  round  an  axis. 
dMaCaCioB.  dUEeimt  from  thai,  which  has  already 
ad,  ewemcv*  may  be  distinguished  into  graoitjf- 
■riia^  gnurity  is  Hm  farm  that  oppottm  the  oeothf ugsl 
ilmuaei  ywwaauas,  ia  vUdi  ib»  aodoiw  of  gi^^i^r  od 


iOTM^ya^M«ito«Baa,Md,ndtbM  «UA 
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opposite  sides,  a  pair  of  revolying  pendnloms,  whicb,  by  the  positioDs 
that  they  assume  at  different  speeds,  act  on  the  regnlaior. 

The  relation  between  the  height  of  a  simple  reyolving  pendulum 
and  the  number  of  turns  which  it  makes  per  aeoond  has  alresdj 
been  stated  in  Article  319;  but  for  the  sake  of  oonvenience  it 
may  here  be  repeated : — Let  h  denote  the  height  or  aUitmdt  of  the 
pendulum  ( =  O  H  in  fig.  256),  and  T  the  number  of  turns  per 
second;  then 


;*  = 


•815  foot     978  inches     0-248  m^tro 


4*2  T« 


T« 


T2 


T* 


.(L) 


If  the  rods  of  the  revolving  pendulums  are  jointed,  as  in  fig. 
257,  not  to  a  point  in  the  vertical  axis,  but  to  a  pair  of  points, 


I* 


Fi-  256. 


Fig.  257 


such  as  C,  c,  in  arms  projecting  from  that  axis,  the  height  is  to  be 
measured  to  the  point  O,  where  the  lines  of  tension  of  the  rods  cat 
the  axis. 

In  most  cases  which  occur  in  practice,  the  balla  are  so  heavy,  ts 
compared  with  the  rods,  that  the  height  may  be  measured  withoat 
sensible  error  from  the  level  of  the  centi'es  of  the  balla  to  the  poiat 
O,  whero  the  lines  of  suspension  cut  the  axis.  This  amounts  to 
neglecting  the  effects  both  of  the  weight  and  of  the  oentrifiifil 
force  of  the  rods.  These  effects  may,  if  required,  be  taken  into 
account  approximately,  as  follows : — Let  B  be  the  weight,  and  h  tke 
radius,  of  a  ball ;  let  R  l)e  the  weight  of  a  rod,  and  r  the  length 
from  O  to  the  centre  of  B;  let  A  be  the  height  from  the  centre  of 
B  to  O,  and  h  the  corrected  height;  then 


,...( 


1  + 


R(r_- 
2"B 


■^y{^^ 


R  (r  ^  6 
3Br« 


and  the  number  of  revolutions  per  second  will  oomqpoad 
io  tbia  corrected  height. 


s  aod  fiskvwL     Hit  tt^  wa^h^vwtj^mA^nBtm 
In  the  ex>H|^  ik«n  h  ^  i^av  ^  k«r  O  C  ftnv 

rod  0  6.:  n  thu  wkn Ibe  ifRrf Ub  Iw  Ip», ^  ^fc  K, 4,.  tp 

api«Y«cliiiig  tlie  i|Niide,  chh  Ac  |bmc  E  to  nc;  lad  win  Ac 
speed  rues  too  li^  tfe  hiiK  I7  ihbA^  Sum  A*  ifia^  aMw 
the  point  E  to  &1L    At  ^  Mia»  E 
forked  end  of  tbe  lenr  E  F,  wUdi 
IKulstar. 

The  ordinu; 
wben,  in  oidn-  to  adapt  At 
loads,  it  routes  whk  its 
to  tlie  Tertksl  axb,  tke 
sponding  to  £flenat  i|«edk 

Aa  in  Artkie  $57,  let  the  ■)»>«  czteM  «^  JmIIsm  tf  A* 
speed  of  tb«  ta^at  \tttnm  iM  V^it  Md  kwat  SniM  k  Ac 

fnction  -  orOenMUifccJ;  k«4fae  AeslAafcif  AcpwoaM- 

coTTesponding  to  the  irin  med;  asd  let  Ak*  AevtBMt^da* 
of  rari&ticoi  at  tbe  shitade  UlsiJt»  ita  ^llii  faalt,  «!■■  A* 
r^^tor  is  ihst,  and  its  maiter  fiait,  «fcH  tb  tegiktmr  m  §M 
open.     Tben  ve  have  tke  foOovi^  pnpartM: — 


1  eonaeqacnUj 


:A:i; 


™(l) 


B«  Piaa^M  Pi  iiai   — Frmi  llw  Ub  of  Aa  oaM- 

I  governor,  whtmt  coOeetin  «ci^  b  (By)  A,  lat  Ana  b^ 

*     spur  of  linksof  IcngtlHcqaal  totkc  kO-nd^  a  l«M 

le  of  »Uding  up  and  dovn  lbs  yadfcy  «nd  biriw  ita 

)  of  gravity  in  the  axis  <tf  mtalML     Tbcn  tli«  etntrtwl 

a  is  thAt  due  to  A  alone;  and  the  e&ct  of  gn<r>t]r  is  Ikt  dae 

EA  +  3  B;  for  when  tlie  ball-nKis  Aift  tbctr  poMlioa,  the  land 

f  VM>T«a  through  trice  the  rertical  dNNnm  that  the  ttalli  mo** 

b,  and  ia  therefore  eqninlcnt  to  a  dotdla  toad,  2  By  aeliac 

J  on  the  balla.     Conaeqamtlf  the  ahtenda  tut  a  pwta  tfmi 

h  gitater  thso  that  of  a  uni|>le  nrnAratg  peadnlnn,  in  the  imtin 

-,   a  given  o&aobte  variation  of  slUtade  in   raoriag  the 

[uhtor  producer  a  proportionatA  fnittion  of  ijwed  m 
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in  the  common  governor,  in  the  ratio  ^  ^  g^;  and  the  goifVDMr 

is  said  to  be  mare  sensitive  than  a  common  goyemor,  in  the  ratio  of 
A  :  A  +  2  B.     Such  is  the  construction  of  Porter^s  goTemor. 

The  links  by  which  the  load  B  is  hung  may  be  attached,  not 
to  the  balls  themselves,  but  to  any  convenient  pair  of  pmnts  in 
the  ball-rods;  the  links,  and  the  parts  of  the  ball-rods  to  which 
they  ai'e  jointed,  always  forming  a  rhombus,  or  equilatend  par- 
allelogram. Let  q  be  the  ratio  borne  by  each  of  the  aidflB  of  that 
rhombus  to  the  length  on  the  ball-rods  from  the  centre  rf  a  ball 
to  the  i)oint  where  the  line  of  suspension  cuts  the  axis ;  then  in 
the  preceding  expressions  2  ^^  B  is  to  be  substituted  for  2  B. 

In  the  one  case  2B,  and  in  the  other  2grB,  is  the  weight, 
applied  directly  at  A,  which  would  be  staticalfy  eqtUvaleiU  to  the 
load  B,  applied  where  it  is. 

362.  Panib«llc   PendalHiiMGoTeraiora. — In  fig.   258,   let  B  X  be 

the  axis  of  the  spindle,  and  E  the  centre  of  one 
of  the  balls,  which,  as  it  moves  towards  or 
from  the  spindle,  is  guided  so  as  to  describe  a 
parabolic  arc,  KB,  with  the  vertex  at  K. 
Let  E  F  be  a  normal  to  the  parabola,  cutting 
the  axis  in  F.     The  vertical  height  of  F  above 
E  is  constant,  being  equal  to  twice  the  focd 
distance  of  the  parabola;  hence  this  govenor 
is  absohitely  isochronous.     That  is  to  say,  the 
balls  cannot  remain  steady  in  any  position 
except  at  one  particular  speed  of  rotation; 
~^  being  that  corresponding  to  an  altitude  eqnsl 
to  twice  the  focal  distance  of  the  paiabola; 
and  any  deviation  of  the  speed  above  or  bebw 
that  value  causes  the  balls  to  move  continuously  outwaids  and 
upwards,  or  inwards  and  downwards,  as  the  case  may  be,  nntU  their 
action  on  the  regulator  restores  the  proper  speed.     The  fioKoe  intH 
which  the  balls  tend  to  shift  their  position  verticaUy,  when  a  de- 
viation of  speed  occurs,  is  expressed  very  nearly  by ;  in 

which  A  is  the  collective  weight  of  the  balls,  n  ihe  proper  number 
of  revolutions  in  a  given  time,  and  ^  n  the  deviation  from  tbiit 
number.     The  balls  may  be  guided  in  various  ways,  via  :— 

I.  By  hanging  each  of  them  by  means  of  a  flexible  qvii^  frm 
a  cheek,  L  H,  of  the  form  of  the  cvolute  of  the  parabola.  To  fani 
a  series  of  points  in  the  parabola  and  its  evolute,  lei  &  he  the 
altitude;  then  from  the  vertex  K  lay  off  K  A  =  K  B  =  AA;  A 
will  be  the  focus,  and  the  horiamtal  line  B  Y  the  diractrix.  Diaw 
A  C  paiuUel  to  an  intended  position  of  the  ball-rod;  bisect  it  in  D; 


OOVEHNORB. 

draw  DE  perpendicular  to  AC,  and  C  E  pamllel  to  BX;  the 
intersection  E  will  be  a  point  in  the  pambolu,  aud  £  I)  a  tangent 
Then  parallel  to  C  A,  draw  EP;  tliw  will  be  a  normal,  and  a  posi- 
tion of  tLe  bail-rod.  Prom  F,  i^arallel  to  D  E,  draw  F  G,  cutting 
C  E  produced  in  G ;  and  from  G,  parallel  to  B  Y,  di-aw  G,  cutting 


£  F  produced  iu  U;  this  will  be  a  point 
pre«s  tbia  algobratcally,  let  B  C  =  y  and  C  E  = 
of  the  parabola ;  and  let  Bil  -  i  and  M  H 
erolute.     Then  we  have 


^(..{)..=  3.-, 


evolute.  To  ex- 
be  the  co-ordinates 
—  y  be  those  of  its 

»• 

IL  Another  method  of  gniding  the  balls  is  to  support  them  by 
BoeaDB  of  a  pair  of  properly  cun-ed  arms,  on  which  ihi'y  slide  or  rolL 
On  the  top  of  the  balls  there  rests  a  horizontal  plate  or  bar,  which 
oommunicatea  their  vertical  movements  to  the  r^^ilator. 

TJl.  ApprcximaU  Parnbulic  Governor. — In  Farcot's  goremor, 
tlie  rod  £  U,  in  its  mi<lUIe  position,  is  hung  from  a  joint,  H,  at  tho 
end  of  an  arm,  M  H^  this  givea  approximate  iaochrouiam.  The 
eoordinates  of  tlie  j'oint  H  are  found  by  the  rules  already  gifen. 

SeSa.  I.H^td  Panballe  ciMcrHr. — WLen  the  balls  of  a  para- 
bolie  governor  are  guided  in  the  second  manner  deacribed  in  the 
preoediDg  article,  and  suj^Kirt  above  them  a  plate  or  bar,  to  which 
ibeir  vertical  movements  are  communicatod,  an  additional  load 
jnav  b*  applied  to  them  by  means  of  that  plate.  Let  A  be  the 
oorfw*ive  weight  of  the  b^;  B,  the  additional  load;  then  the 
*s  eoTTesponding  to  a  given  speed  Ls  greater  than  in  the 
1  governor,  in  the  taXio  of  A  +  B  :  A ;  and  the  speed 
>  giTen  altitude  is  greater,  in  th«  r«tio  o( 
J{A  *  &)  :  i/X;  and  by  varying  the  load,  the  speed  of  the 
IpTcmor  Bajr  be  varied  at  wilL 

363.  iMtfc'MiMi  c—rtg  q.Tw»  {Bmlani$).— In  tJil<  form 
(aee  b:  359)  the  fbnr  centnfugal  balls  marked  B  are 
■cpnls  gnvil7,  about  tite  joint  A,  on  the  tpiodle 
AIL  D,  Dan  didenoQ  die  ball-rods;  D  C,  D  C,  leven  jointed 
to  dw  aUdeni,  and  ocutred  on  »  point  is  the  ^ndle  at  C,  and  of 
s  l«B«tk  DC  =  CA;  O  G,  a  loaded  cncnlu' iJatfbnn  hnog  bom 
tbalertn  C  D,  C  D,  I17  Unb  E  F,  £F;  H.  an  easy-fitting  cdUr, 
jeinled  to  tlw  Mee^vd  In-er  H  K,  whoM  fblcrmn  is  at  K;  I^  ft 
wci^t  adjitehla  on  thia  lerer.  TTiia  govcraor  is  tr«ly  isoi^ 
iWJkMM ;  tbe  ahftade  A  of  a  nvolving  pendalom  of  eqaal  ^eed  ii 

BAB> 


I 


3  D  -C  D' 


Land 
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D  the  load,  snspended  directly  at  D,  to  vlueh  the  aefeaal  Itwd  is 
statically  eqaivalent     The  load  D,  and  coDsaqoantlf  Hut  altitode 


nnd  the  speed,  can  be  varied  at  will,  by  shifting  thiS  weiiU  !>; 
which  can  bo  done  either  bj  hand  or  by  the  engine  itMU  Th 
regulator  may  be  acted  nn  hr  the  other  end  of  the  lenr  H  K. 
■I'liu  levers  CD,  C  D  should  be  horizontal  when  in  thar  miiUl* 
imitioa ;  and  then  the  bull-rods  will  slope  at  anglM  oT  U*.    T«* 


oovEnKou.  4 1 7 

«itioDB  of  the  pai'ts  of  the  goremor  when  the  milii  clc^vinti>  {i\nn 

' :  miildls  positioD,  are  eliowu   by  ilottcil  liui>ii  niul  ncariitiil 

If  convenient,  the  links  K  b,  K  F  may  bo  Imng  dinMtly 

a  the  slides  D,  D. 

;  The   tbeorr  of  this  governor   in  ilhiKtmUiil  liy  |lg,    300.     lit 

positioii    of   the    jHirts,    lot  A  0  h»  the  ■txi'i  of  rnt«lliirt ; 

k  B,  &  ball-rod  canning  a  bull  at  B;  C,  the  point  at  whloh  lh» 

(rer  C  D  =  C  A  ia  jointed  to  the  spindle;  D,  Iho  central  [wlnt 

t  the  alider  at  the  eud  of  that  lovor.     About  0  draw  tbo  oirulo 

L  D  Q,  cutting  the  axis  of  rotation  iu  Q ;  join  V  Q;  ami  dmw 

k  B  and  B  P  per[)endiciilur  to  A  Q. 

I  Thftu  vheo  the  position  of  tho  jiartx  varin*,  ntnl  tlin  inonl  U 
"  '  knt,  the  moment  of  the  centrifugal  forco  of  the  ImlU  rutallv*!)' 
le«  proportionally  lo  B  P  ■  P  A,  and  ihr-iefiira  [iropOT' 
)  the  area  of  thu  right-angled  triangle  A  P  H;  aud  tha 
t  RUtirely  to  A  of  the  1o«k1  vhich  acta  on  the  ]>oliil  D 
■  fnportiopDalljt  to  D  B,  and  therefom  to  Mm  ana  of  Uw 
ledtiwi^A  DQ;  but  tlw  atcaa  of  Uu  triMiKlM  A  BP 
t  Q  bcnr  a  eocurtant  ntio  l4>  meh  otim—ta.,  that  of 
'•»A<r;  tlKnfera  Uie  raomenl  of  tiM  OBatfifufal  fima  ■(  a 
yaatf,  mti  the  aoaeat  of  load,  baar  a  cooitaai  nlio  to 
T  m  all  pwtuiM  of  tlK  |»rta  of  Um  gavrnnat',  nl  U 
fam  ^fmi  m  «w  poattoB,  l^  m  cqaal  te  »*wj  poMoa; 


liAV- »'.  ail«lhalMb«r<adiflf  AoImmCD  -  « 

rfM*M<raaa  iinii>»^ai^QAB»ii.  Hmk, 
^.,..       .     -       .  ,j,-. 

k  »  )^  jiih^  teBT  -*ab#;AF-*«*«; 


418  DTNAMICB  OF  ICAGHUrSBT. 

and  therefore 

""4Dc""4D-AC' 

AS  has  already  beea  stated.* 

364.  FiactmotoB*  •f  iMchMBMui  Geiuf— i, — Whoa  a  tnilj 
isochronous  governor  is  rapid  in  its  action  on  the  regalator,  and 
meets  with  little  resistance  from  Motion,  it  may  sometimeB  huipen 
that  the  momentum  of  the  moving  parts  carries  them  beyond  the 
position  suited  for  producing  the  proper  speed  ;  so  that  a  denriation 
from  the  proper  speed  takes  place  in  the  oontcuy  directioa  to  the 
previous  deviation,  followed  by  a  change,  in  the  oontcaiy  diieoCion, 
in  the  position  of  the  governor,  which  again  is  oaixied  too  hr  by 
momentum;  and  so  on;  the  result  being  a  aeries  of  periodical 
fluctuations  in  the  speed  of  the  engine.  When  this  is  foond  to 
occur,  it  may  be  prev<.'nted  by  the  use  of  a  piston  working  in  an 
oil-cylinder  or  dash-pot;  which  will  take  away  the  momcBtam 
of  the  moving  parts,  and  cause  the  regulating  action  of  thegovcnkor 
to  take  place  more  slowly,  without  impairing  its  accuracy. 

365.   Balanced*  mr  Spring  Ckmwwumn,    {Silv^S,      Weirgy    Hmnfs^ 

Sir  W.  Thomson! 8,  &c) — In  this  class  of  govemors^  <rfteo  called 
Marine  Governors,  as  being  specially  suited  for  use  oq  boaid  ship* 
the  action  of  gravity  on  the  balls  is  either  self-balanced,  or  made,  by 
rapid  rotation,  so  small  compared  with  the  centrifugal  foroe  as  to 
be  unimportant.  The  centrifugal  force  is  opposed  by  springs.  To 
make  such  a  governor  isochronous,  the  springs  ought  to  be  so 
arranged  as  to  make  the  elastic  force  exerted  by  them  vaiy  in  the 
simple  ratio  of  the  distance  from  the  centres  of  the  balls  to  the  axis. 
In  order  that  the  action  of  gravity  on  the  balls  may  be  self- 
balanced,  if  there  are  two  balls  only,  they  must  move  in  opponte 
directions,  in  a  plane  perpendicular  to  the  axis  of  lotatiaQ :  which 
axis  may  have  any  position,  but  is  usually  horizontaL  Tlier  Bight 
be  guided  by  sliding  on  rods  perpendicular  to  the  spindle;  bat 
they  are  more  frequently  guided  by  combinations  of  link  work,  <fif- 
ferent  forms  of  which  are  exemplified  in  Weirds  governor  s»l  ia 
Hunt*s  governor.  If  there  are  four  balls,  they  are  carried  by  a  ptir 
of  arms  like  the  letter  X,  as  in  Gg.  250  (but  with  the  sfondle 
usually  horizontal  instead  of  vertical),  and  such  is  the  arrangeaeot 
in  Silver's  Marine  Governor.  The  springs  in  balanced  govetnors 
are  seldom  fitted  up  with  a  view  to  perfect  isochrcHuam ;  bat  for 
marine  engines  this  is  unimportant,  as  the  principal  object  oi 
applying  governors  to  them  is  to  prevent  changes  of  q>eed  so  gpt^ 


*  It  has  been  pointed  out  hy  Mr.  Edmnnd  Hunt  that  this  fbnn  «  gvf«>-" 
is  virtually  a  parabolic  governor;  for  the  common  centre  of  gnmtfU^ 
balls  and  of  toe  load  moves  in  a  parabola,  of  a  focal  ^^iirtsnrtr  eqosl  lo  hatf 
the  altitude  given  by  the  forinala. 


t 


4ll> 

and  sudden  as  to  be  dangerous;  audi  aa  tliom.'  wliiali  tuml  to  uovur 
when  the  ecrew-propeller  of  a  vessel  pitcliiiig  iu  n  lieuvy  ten  k 
alternately  litM  out  of  and  plunged  into  tlio  wntar. 

Rules  abowing  the  relation  betwoco  tlio  dcflootion  of  a  itrniglib 
firing,  or  the  extension  of  a  spiral  iigiriiig,  and  tbu  elaalin  liiiiia 
exert«d  by  the  Bpriog,  have  already  buuu  giveu  in  ArlivUi  M'2,  [lag* 
38S,  and  Artiele  345,  page  380. 

3C&  rriiw^aiMiMirii  i Thr  most  ooDiplulo  (txiiiii|ilit  of 

«  diseDgagement-govemor  in  that  cijmmoiily  used  Ibr  watei'-wlicol^ 
and  aometimes  also  for 
the  steam  engine.  The 
peculiar  parts  of  this 
governor  are  represent- 
ed in  fig.  261.  A  A  is 
part  of  the  spindle  of  a 
pair  of  i«volving  pen- 
is nmilar  to  those 


B^  a  cjliudncal  slider, 
hnc ^untile  bail-rods 
Jlf  Unk*   wtuiae   lower 

•  abowB  at  C,  C. 
i  tooth  or  cmi 

tttm     th» 
1     awccfw  ng.UU 

ntala.  To  aakaAe  slider  rotate  Irdjr  wiUillMiyfaiilk^ 
I  pHt  of  (fas  afuidk  M  wUcfc  it  aiyca  mtf  tUbm  U  au4* 
—   m  —J  hail  ■  fiiijwiiiift  liiiiii,iliiliiisl  fcilhli  flllin  aaail/ 

•  W  Ifa  wMe  sT  Ak  «2v. 
1  wJ  iif  ■  li—  iMaUii  rf  !■■'■■  afcoal  «  Tirtaj  «m 

^|H^r,PaHiMtfarCMMbipwtta<lwtki«Mifc  & 
ft^iMM  SMB<  ste  lb  «&■£•  ta  Mniacat  ila  MMT  Mrit 

'-  -  "TT  J  -'  I  ■  Ik fm^  a  »  Ww, «^ 
I  ahpn^  (feted  «f  tfe  MaafsP.r^  md  t*m  ife 
-■'fi  ir^JM.  t    r'       ^—   -    -'"— '  H  Imw 

I  ■■  ■     I     I      r  II    r  I    r  1       i  if  r  i    r  i        f 


RC<.«i< 


ik  fcV»  to  •»  faM  ^  Aa  fiiv>r  «m4,  A*  Ate  iiM 
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oombiDBtion  BhoWQ  ia  fig.  314,  Article  263,  pag«  399.  Tbedriring- 
■haft  of  that  combinatioti  is  continufttty  drivea  by  the  engiae. 
When  the  lever  E  ia  in  its  middle  position,  the  following  ah^  is 
diBcngaged  from  the  driving-Bhaft,  and  remains  at  rest  When 
the  lever  G  is  shifted  to  one  side  or  to  the  other,  the  reversiiig-gear 
drives  that  following  shaft  in  one  direction  or  in  the  other;  and  its 
motion,  being  transmitted  by  a  suitttble  train  to  ths  i^nlator, 
corrects  the  deviation  of  speed.  So  soon  M  the  spiiidlQ  Rmimes 
its  proper  speed,  the  tooth  D,  by  striking  one  or  otiier  of  the  pnnfp 
Y,  F,  replaces  the  lever  G  in  its  middle  position,  and  disengages 
the  T^ulating  train. 

367.  In   Diflerpatiai   iJ«Tw»m  the  regaUtion  of    the    prime 
mover  is  effected  by  means  of  the  difference  between  tiie  vued^ 
of  a  wheel  driven  by  it  and  tliat  of  a  wheel  regulated  by  •  randving 
pendulum.    This  class  of  governors  ia  exemplified  bf  fig.  362, 
^  representing  Hiemeus'sdiSefoitial 

goveronr  as  Applied  to  pnme 
movera.  A  is  a  vertical  dead- 
centre  or  fixed  spindle  aboat 
which  the  Bfter^mentioaed  pieesi 
J II  turn;  C  is  a  pulley  driven  by 
the  prime  mover,  and  fixed  to  a 
bevel-wheel,  which  is  seen  briow 
it;  E  is  a  bevel-wheel  umilar  to 
the  first,  and  having  the  same 
apex  to  its  pitch-cone.  To  tbi* 
wheel  are  hnng  ths  Tevolvinj! 
masses  B,  of  which  there  aic 
usually  four,  although  two  only 
are  shown.  Those  masses  form 
eectots  of  a  ring,  and  are  surronoded  by  a  cyiindrial  caring. 
F.  When  the  masses  revolve  witli  theit  proper  velod^,  tbey 
are  adjusted  so  as  nearly  to  touch  this  casing;  ahould  th^ 
exceed  that  velority,  they  fly  outwards  and  touch  the  carii^ 
and  are  retarded  by  the  friction.  Their  centrifugal  force  mav 
be  opposed  either  by  gravity  or  by  springa  For  pnctie^ 
pur|)o.ieB,  their  angular  velocity  of  revolution  about  the  vertical  sxii 
may  be  conridered  constant.  G,  G  are  horiiontal  arms  prajeeliiig 
from  a  socket  which  ia  capable  of  rotation  about  A,  and  canrinc 
vertical  bevel-wheels,  which  rest  on  E  and  snpport  C,  and  ttanmit 
motion  from  G  to  R  There  are  usually  four  of  tlw  arms  0,  0, 
with  their  wheels,  though  two  only  are  shown.  H  is  one  of  tbo* 
arms  which  projects,  and  has  a  rod  attached  to  ita  extremity  to  act 
on  the  regulator  of  the  prime  mover,  of  what  sort  aoevw  it  may  be. 
When  C  rotates  with  an  angular  velocity  equal  and  contnrv  t» 
tOMt  of  E  with  ita  twoVvlnt^  ^endnlams,  the  arma  O,  O  iiiwi~ 
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Mt  rest;  fant  eboulil  C  deviate  from  that  relodty,  those  arms  rotate 
in  one  directioD  or  the  other,  as  the  case  may  be,  with  au  angular 
velocity  equal  to  one-half  of  the  difference  between  the  angalar 
velocity  of  C  and  that  of  E  (see  Article  234,  page  245),  and  con- 
tinue in  motion  until  the  r^ulator  is  adjusted  so  that  the  prime 
mover  imparts  to  C  an  angular  velocity  exactly  equal  to  that  of 
the  revolving  masses  B,  B. 

There  are  various  modifications  of  the  differential  goi-emor,  bat 
they  all  uct  on  the  same  principle. 

"iGd.  In  pBiBp-GaTrnsn  each  stroke  of  the  prime  mover  to 
be  regulated  forces,  by  means  of  a  small  pump,  a  certain  volume  of 
oil  into  a  cylinder  fitted  with  a  plunger,  like  a  hydraulic  presa. 
The  oil  is  (Uscharged  at  an  uniform  rat*  through  an  adjustable 
opening,  back  into  the  reservoir  which  Huppli<  a  the  pump.  When 
the  prime  mover  moves  fijster  or  slower  than-  iti  proper  speed,  the 
oil  is  forced  into  the  cylinder  faster  or  slower,  a-t  the  case  may  be, 
than  it  is  discharged,  so  as  to  raise  or  to  lower  the  plunger;  and 
the  plunger  communicates  its  movements  to  the  regulator,  ao  aa  to 
correct  the  deviation  of  speed. 

The  »eii» w-OaT jrn ■!•  acts  on  the  tame  principle,  using  air  in' 
■tend  of  oil,  and  a  double  bellows  instead  of  a  pump  and  a  plangcr- 

3G9.  In  Pu-«i*Tt«BM«  the  greater  or  less  resistance  of  air  or  of 
some  liquid  to  the  motion  of  a  fan  driven  by  the  prime  mover,  causes 
the  adjustment  of  the  opening  of  the  r^ulator. 
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OH  AFTER  rVT. 

OF    THE    EFFICIENOT    AND    OOUlITKB-KmOIXVCT    OF    PIKBp 
COMBINATIONS,   AND  TRAINS,  IN  MEnHANIHIf. 

370.  Name  wui  DiTtotoM  mt  the  Sakiieet. — ^The  terms  EJfideney 
and  CoiiTder-efficiency  have  already  been  explained  in  Artide  335, 
page  377 ;  and  the  laws  of  fiiotion,  the  most  important  oi  the 
wasteful  resistances  which  cause  the  efficiency  of  a  Tna^liinA  to 
be  less  than  unity,  have  been  stated  in  Articles  309  to  311,  ptges 
348  to  354.  In  the  present  Chapter  are  to  be  set  forth  the  dfeds 
of  wasteful  resistance,  and  especially  of  friction,  on  the  efficiency 
and  counter-efficiency  of  single  pieces,  and  of  combinations  and  trains 
of  pieces,  in  Mechanism.  In  practical  calculations  the  ccunUr- 
^jffwiency  is  in  general  the  quantity  best  adapted  for  use;  because 
the  useful  work  to  be  done  in  an  unit  of  time,  or  ^edwe  power,  is 
in  general  given ;  and  from  that  quantity,  by  multiplying  it  by  the 
counter-efficiency  of  the  machine — ^that  is,  by  the  oontinned  product 
of  the  counter-efficiencies  of  all  the  successive  pieces  and  combina- 
tions by  means  of  which  motion  is  communicated  from  the  driving- 
point  to  the  useful  working-point — is  to  be  deduced  the  value  of  the 
expenditure  of  energy  in  an  unit  of  time,  or  totcU  power^  required 
to  drive  the  machine.  In  symbols,  let  U  be  the  useful  work  to  be 
done  per  second;  c,  c',  c",  dbc,  the  counter-efficiencies  of  the  seveial 
parts  of  the  train ;  T,  the  total  eneigy  to  be  expended  per  second; 
then 

T  =  CW&C....U (1.) 

When  the  mean  cffi)rt  required  at  the  driving-point  can  cod- 
venicntly  be  computed  by  reducing  each  resistance  to  the  driving- 
point,  and  adding  together  the  reduced  resistances  (as  in  Article 
324,  i)age  369,  and  Article  338,  page  379),  the  ratio  in  which  tht 
actual  elfort  required  at  the  driving-point  is  greater  than  what  the 
required  effort  would  be,  in  the  absence  of  wasteful  resistance,  is 
expressed  by  the  continued  product  of  the  counter-officiencies  of 
the  i)art8  of  the  train,  as  follows :  let  Pq  be  the  effort  required,  in 
the  absence  of  wasteful  resistance;  P,  the  actual  effort  required > 
then 

P  =  cc'  •c''&c....Po;  (i) 

and  in  determining  the  efficiency  or  the  counter-effidency  of  a 
BiDgle  piece,  the  most  oon\eTi\eTi\.  method  of  prooceding  oAen  eotf 
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aisis  in  comparing  together  the  efforts  required  to  drive  that  peo^ 
with  and  without  friction,  and  thna  finding  the  I'atios 


-r^  =  efficiency  j 


In  th«  ensuing  Kectiona  of  this  Chapter,  tlie  efficiency  of  singla 
primary  pieces  is  first  treated  of,  and  then  that  of  the  varioUB 
modcB  of  connection  employed  in  elementary  combinations. 

Sicnos  L — EffieUsiinj  and  Counter-effiinency  of  Primary  Piecee. 

371.  BSclnrr  at  Vtimmwr  Plns«  In  Oescnl — A  primary  piece 
in  mechanism,  moving  with  an  nnifonn  velocity,  is  balanced  under 
tho  Kotion  of  four  forces,  viz. : — 

f.  Tiie  re-action  of  the  piece  which  it  drives :  this  may  be  calM 
th«  Vtefal  Rtnitanea,  and  denoted  by  R; 

IT.  The  weight  of  the  piece  itself:  this  may  be  denoted  by  W. 

IIL  Thtj  fffort  by  which  the  piece  is  driven :  this  may  be 
dt^uoted  by  P;  and  ita  values  with  and  without  friction  by  P^,  and 
I*,  iTspectively. 

IV,  The  resultant  presflnre  at  the  bearings,  or  bearing-presaure, 
which  maybe  <Ienot«d  by  Q;  and  which  of  course  is  equal  and 
directly  opposed  to  the  resultant  of  the  first  three  forces. 

In  thn  nhaoreo  of  friction,  tho  bearing-pressnre  would  be  normal 
to  th«  beari]ig^«urfiicc  The  effect  of  friction  is,  that  the  line  of 
aotioii  of  the  bmring-pressui-e  becomes  oblique  to  the  bearing- 
Mirbec,  making  with  the  normal  to  that  mirface  the  angle  of 
ropoav  (*),  niioHo  tungont  ( /"  =  tan  *)  is  the  co-efficient  of  friction 
(km  Article  300,  ]>age  340) ;  and  the  amonnt  of  the  friction  it 
expteaaed  by  Q  sin  «,  or  very  nearly  by  /Q,  when  the  co-efficient 
of  friction  is  small 

In  the  class  of  problems  to  which  this  Chapter  relates,  the  Gzit 
two  foroee — that  is,  the  useful  resistance  R,  and  the  weight  W— • 
are  grren  in  mai^itude,  positinn,  and  direction ;  and  in  most  cimB 
it  it  oonvenieiit  to  find  their  resultant,  in  magnitude,  position,  sail' 
direction,  by  the  rules  of  statics:  that  i*  to  say,  if  the  line 
action  of  R  ix  vertical,  by  Rule  I.  of  Article  280,  iMge  322;  andV 
inoliiied,  by  tiie  Kiitee  given  or  referred  to  in  Article  278, 
319.  In  what  follows,  the  resultant  of  the  useful  renatanoe 
wcMrt  will  be  called  the  given  fonx,  and  denoted  by  R'. 

The  third  force — that  is,  the  effort  required  in  order  to  driVVL 
the  piece  at  an  uniform  speed — is  given  in  position  and  directit 
Jbr  itB  line  of  action  ia  the  line  of  connection  of  the  pieee  uni 
oonatderation  with  the  piece  that  drives  it     The  ma^itude  of  the 
eftnt  is  one  of  the  ({nantitiea  to  be  found. 

Tbv  fonrth  force — that  is,  the  bearing-prewarQ— \ia%  WVra 


I 
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ill  position,   direction,   and   magnitude.     The  gcnetJ  | 
according  to  -whicli  it  ia  determined  arc  the  following: — 

Firal,  That  if  the  lines  of  action  of  the  given  foree  mod  tl 
are  parallel  t«  each  other,  the  line  of  action  of  the  r 
bearing-pressnre  must  be  parallel  to  them  both;  and  U»t 
are  inclined  to  each  other,  the  line  of  action  of  Uia  r 
bearing-pressure  must  traverse  their  point  of  iDtenection. 

SecmvUy,  That  at  the  centre  of  pressure,  where  the  liae  «f  tetiM 
of  the  resultant  bearing-pressure  cuts  the  bearing^m&oei,  it  Biks 
an  angle  with  the  common  uornial  of  those  sutfkcea  eqaal  lo  A(v 
angle  of  repose,  and  in  such  a  direction  that  iCi  taif  "* 
component  (being  the  friction)  is  directly  omosed  tQ  IIh  d 
sliding  motion  of  that  pair  of  surfaces  over  e*ch  other. 

Thirdly,  That  the  given   force,  the   effort,    and 
pressure,  form  a  system  of  three  forces  that  balance 
and  are  therefore  proportional  to  the  thi'ee  aide*  of  a  t 
parallel  respectively  to  their  directions. 

371  A.  CBDdlUana  AHancd  w  be   Faiailed. — In  all  tbe  | 

treated  of  in  this  scctjon,  the  following  conditions  are  t 
be  fulfilled; — First,  thnt  except  when  otherwiae  apedfiid^  tW 
forces  other  than  bearing-pressures  which  are  applied  to  tbt  fim 
under  consideration — that  is,  the  useful  resistance,  tiw  weightt  iid 
the  effort — act  either  in  parallel  directions,  or  exactly  or  doiIt  la 
one  plane,  parallel  to  the  planes  of  motion  of  the  partxki  «( tk 
piece;  secondly,  that  the  acting  parts  of  tbe  piece  do  not  Mvtef 
the  bearings;  and  thirdly,  that  the  bearing-surfaces  fit  eaik  «Aa 
easily  without  any  grasping  or  pinching.     As  to  tbe  <it^Ml«E  lh> 

fulfilment  of  auch  conditions,  and  the  effects  of  <* " * — 

them,  the  following  explanations  have  to  be  made: 
I.  The  bearing.aurface  of  many  primary  pieces,  t 
rotating  pieces,  is  in  general  divided  into  two  parbj 
an  axle  is  very  often  supported  by  two  journals.  '. 
other  than  bearing- prcB.4u res  which  are  applied  to  tbe  moTu^il 
are  parallel  to  each  other,  the  parts  of  tbe  bearing-pivsm*  ^ 
be  parallel  to  tbem  and  to  each  other;  and  the  sum  of  tbefi 
resL-itanccs  due  to  the  two  parts  of  the  bearing-pn 
simply  equal  to  the  Irictionat  resistance  due  to  ^e  » 
pressure  treated  as  one  force.  The  same  will  be  ih»  « 
the  forces  other  than  bearing- pressures  act  in  c 
to  the  planes  of  motion  of  tbe  jiarlicles  of  the  piece;  and  * 
nearly  the  case  when,  although  those  forces  act  in  dltfenot  f 
the  transverse  distance  between  their  planes  of  aetiM  v  ^^ 
compared  with  the  distance  between  the  planes  of  aetWB  of  ** 
two  eompoDente  into  which  the  bearing-preflsnie  is  divided. 

Utit  when  that  condition  is  not  fulfilled,  the  frictiM  rf  <*• 
b«ariQgB,  being  proportional  lo  the  Bum  of  tbe  two  ooHpMii 
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>  which  the  bearing-presaure  is  (lividi:U,  will  be  greater  IhsD 
r  friction  due  aimply  to  the  reanltaiit  bearing- pressure  considered 
[>ne  force;  and  the  efficiency  of  the  piece  will  be  diminishetl. 
[I.  The  effect  upon  the  friction,  and  upon  the  work  lost  iu 
^rcoming  it,  produced  wjien  the  acting  parts  of  a  moving  piece 
rhang  its  bearings,  maj  be  approxinatelj  calculated  and  allowed 
in  the  following  manner: — 

Suppose  that  the  beariag-snrface  of  a  primary  piece,  whether 
liDg  or  turning,  is  divided  into  two  parts;  itnd  that  the  trans- 
Be  distAuce  between  the  centres  of  those  two  parts — that  is,  the 
tanc«  in  a  direction  perpendicular  to  the  planes  of  motion  of 
I  particles  of  the  piece — is  denoted  by  c.  Let  the  plane  of  action 
the  forces  other  than  bearing- pressures  be  sitirated  entlnde  the 
ce  between  the  two  parts  of  the  beariug-anrfuce,  and  at  the 
DBverse  distance  s  from  the  centre  of  the  nearer  of  those  parts; 
1  consequently  at  the  distance  x  ■*■  c  from  the  centre  of  the 
ther  of  them.  Let  Q  be  the  resultant  bearing- pressure.  The 
)  components  of  that  resultant  pressure,  exerted  at  the  two 
ta  of  the  bearing-iinrfacc,  will  be  contrary  to  each  other  in 
action ;  and  their  values  will  be  respectively. 


:he 


r  part, 


Q(= 


I  at  the  further  part,  . 

rhe  total  friction  will  be  the  sum  of  two  components  exerted  at 
two  parts  of  the  be&ring- surface  respectively,  and  will  be  pro- 
tional  to  the  arithmetical  inim  of  the  two  components  of  the 
ring-pressure ;  that  ia,  to  the  force 

I  Q  ("  3  -). 

■MB,  if  the  plane  of  action  of  the  resultant  of  the  given  force 
VUie  effort  had  not  overhung  tie  bearings,  the  friction  would 
«  been  simply  proportional  to  Q.  Hence  the  effect  of  that 
ae's  overhanging  the  bearings  by  the  distance  s,  is  to  increase 
IHction  approximately  in  the  ratio  of 

U.  As  to  the  condition  that  the  beanng-surfaces  should  Gt 
b  other  easily,  it  is  necessary  in  order  that  the  bearing- pressure 
f  not  contain,  to  any  appreciable  extent,  pairs  of  componenta 
idi  faklauoe  each  other,  l^g  tnnsvene  to  the  direction  of  (^ 
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in  position,  direction,   and   magnitude.     The  general  principles 
according  to  which  it  is  determined  are  the  following : — 

Firsty  That  if  the  lines  of  action  of  the  given  force  and  the  effort 
are  parallel  to  each  other,  the  line  of  action  of  the  resultant 
beariug-pressure  must  be  parallel  to  them  both;  and  that  if  they 
are  inclined  to  each  other,  the  line  of  action  of  the  resaltant 
bearing-pressure  must  traverse  their  point  of  intersection. 

Secondly,  That  at  the  centre  of  pressure,  where  the  line  of  action 
of  the  resultant  beariug-pressure  cuts  the  bearing-su&oes,  it  makes 
an  angle  with  the  common  normal  of  those  surfaces  equsi  to  their 
angle  of  repose,  and  in  such  a  direction  that  its  tangential 
component  (being  the  friction)  is  directly  opposed  to  the  relative 
sliding  motion  of  that  pair  of  surfaces  over  each  other. 

Thirdly,  That  the  given  force,  the  effort^  and  the  bearing- 
pressure,  form  a  system  of  three  forces  that  balance  each  other; 
and  are  therefore  proportional  to  the  three  sides  of  a  triangle 
parallel  respectively  to  their  directions. 

371  A.  €«ndlH«Ms  AMamed  tm  he  Falfllled. — In  all  the  problems 

treated  of  in  this  section,  the  following  conditions  are  assumed  to 
be  fulfilled: — First,  that  except  when  otherwise  specified,  the 
forces  other  than  bearing-pressures  which  are  applied  to  the  piece 
under  consideration — that  is,  the  useful  resistance,  the  wei^t»  and 
the  effort — act  either  in  parallel  directions,  or  exaictly  or  neariy  in 
one  plane,  parallel  to  the  planes  of  motion  of  the  particles  of  the 
piece;  secondly,  that  the  acting  parts  of  the  piece  do  not  overhang 
the  bearings;  and  thirdly,  that  the  bearing-surfiM^es  fit  each  other 
easily  without  any  grasping  or  pinching.  As  to  the  object  of  the 
fulfilment  of  such  conditions,  and  the  effects  of  departore  firom 
them,  the  following  explanations  have  to  be  made : — 

I.  The  bearing-surface  of  many  primiary  pieces,  and  especially  of 

rotating  pieces,  is  in  general  divided  into  two  parts;  for  example^ 

an  axle  is  very  often  supported  by  two  journala     If  the  forces 

other  than  bearing-pressures  which  are  applied  to  the  moving  pieoe^ 

are  parallel  to  each  other,  the  parts  of  the  bearing-prenore  wiuabo 

be  parallel  to  them  and  to  each  other;  and  the  sum  of  the  fiictioosl 

resistances  due  to  the  two  parts  of  the  bearing-preasnre  wiU  be 

simply  equal  to  the  frictional  resistance  due  to  the  whole  beaciqg* 

pressure  treated  as  one  force.     The  same  will  be  the  case  what 

the  forces  other  than  bearing-pressures  act  in  one  plane,  pandlel 

to  the  planes  of  motion  of  the  particles  of  the  piece ;  and  wiU  be 

nearly  the  case  when,  although  those  forces  act  in  different  pknei^ 

the  transverse  distance  between  their  planes  of  action  is  smsD 

compared  with  the  distance  between  the  planes  of  aetioa  of  tht 

two  components  into  which  the  bearing-pressure  is  dividfll 

But  when  that  condition  is  not  fulfill^  the  friotioii  at  As 
beariogSy  b^g  pTO]^t\ions\  \a  Uia  som  of  the  two 
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into  which  the  be&ring-pressnre  ia  ilivitli^,  will  bo  greater  than 
thp  frictioQ  due  simply  ht  the  resultant  bearing-presaare  considered 
as  one  lorce;  and  the  efficiency  of  the  piece  will  be  diminished. 

II,  The  effect  upon  the  friction,  and  upon  the  work  lost  in 
overconiiDg  it,  prudnced  when  the  acting  parts  of  a  moving  piece 
ovfrkang  its  bearings,  may  be  approximately  calculated  and  allowed 
fur  in  the  follnwiug  manner; — 

Suppose  that  the  bearing-surface  of  a  primary  piece,  whether 
uliding  or  turning,  b  divided  into  two  parts;  nnd  that  the  trana- 
verBe  distance  between  the  oentres  of  those  two  jiarts — that  is,  the 
distance  in  a  direction  perpendicular  to  the  planes  of  motion  of 
the  particles  of  the  piece — is  denoted  by  e.  Let  the  plane  of  action 
of  the  forces  other  than  bearing-preiranres  be  situated  outside  tha 
space  between  the  two  parts  of  the  hearing-surface,  and  at  the 
transverse  distance  s  from  the  centre  of  the  nearer  of  those  parts; 
and  consequently  at  the  distance  z  *  c  from  the  centre  of  the 
further  of  them.  Let  Q  be  the  resultant  bearing- pressure.  The 
two  conipiinenta  of  that  resultant  pressure,  exerteil  at  the  two 
]iarts  of  the  bearing-surface,  will  bo  contrary  to  each  other  iu 
direction ;  und  their  valuea  will  be  respectively, 

Q  (;  +  b) 
«t  the  nearer  part,  — = ■'; 

-  Qa 
and  at  the  further  part,  . 

The  total  friction  will  be  the  sum  of  two  compouents  exerted  at 
the  two  parts  of  the  bearing- so rface  respectively,  and  will  be  pro- 
portional to  the  arithmetical  turn  of  the  two  componenta  of  the 
twaring-pressure ;  that  is,  to  the  force 


wherwis,  if  the  plane  of  action  of  the  resultant  of  the  given  force 
and  the  effort  had  not  overhung  the  bearings,  the  friction  would 
have  been  simply  proportional  to  Q.  Hence  the  effect  of  that 
plane's  overhanging  the  bearings  by  the  distance  :,  is  to  increaM 
the  friction  approximately  in  the  ratio  of 

1  -f  ^'  :  1. 

III.  As  to  the  condition  that  tha  bearing-surfaces  should  fit 
Mch  other  easily,  it  is  necessary  in  order  that  the  bearing- preaauro 
may  not  contain,  to  any  appreciable  extent,  pairs  of  com^atm^A 
which  balance  each  other,  being  transverse  to  the  A.VT«i[Aiwi&  tsS  "liia 
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xefloltaiit  beariagi^pressare ;  for  ancli  oomponflnte  auiae  an  mi- 
neoeaauj  additi(m  to  the  frietioo.  The  ratio  in  whick  the  feictioii 
of  a  HgfU-fiUmg  hearing  exceeds  that  of  aa  eaay-fittiiig  bearing  of 
the  same  dimensionB  and  figuie^  is  Tely  nearly  eqoal  to  that  in 
which  the  whole  area  of  the  bearing-sm&oe  ezceeda  the  area  of 
the  piojection  of  that  8ai£M»  on  a  plane  nonnal  to  the  direction  of 
the  resultant  bearing-pressure. 

When  the  use  of  bearing-surfiiceB  in  pairs,  oblique  to  the  plane 
of  the  pressure  and  motion,  is  unavoidable  (as^  for  example,  in  the 
case  of  the  Y-shaped  bearings  of  a  planing  machine!  their  eflEect 
may  be  allowed  for  by  increasing  the  co-efficient  of  motion  in  the 
ratio  above-mentioned;  which  is  expressed  by  the  secant  of  the 
equal  angles  which  the  normals  to  the  bearing-surfiyoes  make  with 
that  plane. 

372.  BttciMiCT  mt  m,  BiriJah»«iui«a  PtoMi^ — ^In  fig.  263,  let  A  A 
be  a  straight  guiding-sur&ce,  upon  which  there  slides^  in  the  direc- 


Fig.  263. 

tion  marked  by  the  feathered  arrow,  the  moving  piece  R  Let 
C  D  represent  the  given  force^  being  the  resultant  of  the  useAiI 
resistance  and  of  the  weight  of  the  piece  B.  (The  fignre  show 
the  motion  of  B  as  horizontal;  but  it  may  be  in  any  direcCioB-) 
Let  C  J  be  the  line  of  action  of  the  effort  by  which  the  pieoe  B  i> 
driven. 

Draw  C  N  perpendicular  to  A  A ;  and  C  F  making  the  angfc 
N  C  F  =  the  angle  of  repose.  Through  D,  parallel  to  C  J,  dri^ 
the  straight  line  D  H  Q,  cutting  ON  in  H,  and  O  F  in  Q;  tf^i 
through  H  and  Q,  and  parallel  to  D  C,  draw  H  E^  and  Q  K« 
cottingO  J  in  E^and  K^  respectively.  Prodace  HO  to  H',aM 
QCtoQ,inakiDgCB:^KQ,andGQ'sQa 
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Hen,  in  the  absence  of  friction,  C  H'  will  represent  the  resultaat  1 
fcwring-prwsitre  oiert«d  vipon  B  by  A  A;  and  C  K(,  =  D  H  will 
repT«eati  the  force  in  the  given  direction  C  J  required  to  drive  I 
at  an  uniform  speed ;  and  when  friction  is  taken  into  account,  C  Q* 
will  represent  the  resultant  bearing-pressure,  and  C  Kj  the  actual 
driviDg  force  required ;  and  we  shall  Iiave  ' 

CK, 


the  efficiency  = 


CK, 


,  and  the  connter-efficic-n< 


"CKn" 


If  from  D,  Kfl,  and  Kj  there  be  let  fall  upon  A  A  the  ])erpen- 
diculars  D  R,  K^  ?„,  and  K,  P„  C  R  will  represent  the  direct    I 
resistance  to  the  advance  of  B;    CPq,  the  direct  effort  in  the    ' 
absence  of  friction;  and  C  P,,  the  direct  effort  taking  friction  into 
account;   so  that  the  distance  Pq  Pj  will  represent  the  iriction 
itself;  which  is  also  represented  by  Q  N  perpendicular  to  0  N. 

To  express  these  reeulbi  by  symbols,  let  C  D  ^  R'  (the  given 
force);  let  the  acute  angle  A  CD  be  denoted  by  «,  and  the  acute 
angle  A  C  J  by  ^;   and  let  Q  denote  the  angle  of  repose  N  C  (^ 

Then,  in  the  triangle  C  D H,  we  have -^DCH  =  ^  —  *,  and 
OHD=|  — 19;  and  in  the  triangle  OQD,  we  have,=i:DCQ  | 
^^  —  •  +  «,  and  .ii:CQD  =  ^  —  fi  —  «;  consequently 
D  H  =  R'  ^21?  ;  D  Q  =  E'  ■ 


Ti..^^ 


whence  it  follows  that  the  efficiency  and 
given  by  the  following  equations: — 


cos  (S  +  9)' 

iter-efficiency  a»  ] 


Efficiency  = 


Dn 


)s(iS+g)  _  1  —/tan  g 
«(«  —  $)       1  +/Un- 


(1) 


.  (2.) 


„      .       _  .             P,      1  +/t«n  m 
Counter-efficiency  =  ^  =  ilS/un  4    

It  is  to  be  remarked,  that  the  efficiency  diminiehee  to  nothing 
wtim  cotan  fi  ^^/;  that  is  to  say,  when  jS  is  the  complement  of  tb« 
■ngle  of  repose,  «.  In  other  words,  if  the  oblique  effort  is  applied 
in  111*  direction  C  Q,  no  force,  how  gi-eat  soever,  will  be  sufficiea' 
lo  kc«p  the  piece  B  in  motion. 

373.  K«ciw(T  aCu  AniB.  —  In  fig.  264,  let  the  circle  AAi 
represent  the  trace  of  the  bvaring.«uriiice  of  an  axle  on  a  plaa 
{wrpendiculor  to  it«  axis  of  rotation,  O — in  other  words,  the  tran»- 
T«t«e  section  of  that  eiirface.  Let  the  arrow  near  the  letter  N 
t  the  direction  of  rotation.     Let  C  D  b«  t\\c  ^-swa,  law*-. 
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that  is,  as  before,  the  resultant  of  the  weight  of  the  whole  piece 
that  rotates  with  the  axle,  and  of  the  useful  resiataiioe  or  re-action 
exerted  on  that  piece  by  the  piece  which  it  drives;  C  J,  the  line  of 
action  of  the  effort  by  which  the  rotating  piece  is  driven. 


Fig.  264. 

In  toothed  wheel-work  the  lines  of  action  of  the  nselnl 
ance  and  of  the  effort  may  be  taken  as  coinciding  with  the  lines  of 
connection  of  the  rotating  piece  with  its  follower  and  with  its 
driver  respectively.  In  pulleys  connected  with  each  oilier  by 
bands,  special  principles  have  to  be  attended  to,  which  will  be 
explained  in  the  ensuing  Article. 

Let  T  denote  the  radius  of  the  bearing-surface. 

About  O  describe  the  small  circle  B  £,  with  a  ladins  sf 
sin  9  ^=fry  very  nearly.  Draw  the  line  of  action,  C  T  Q;  of  ths 
resultant  bearing-pressure,  touching  the  small  circle  at  that  ads 
which  will  make  the  bearing-pressure  resist  the  rotatioiL  In  ths 
case  in  which  C  D  and  C  J  intersect  each  other  in  a  poiiity  C,  •• 
shown  in  the  figure,  CTQ  will  traverse  that  point  auo;  and  ia 
the  case  in  which  the  lines  of  action  of  the  given  finoe  and  ths 
effort  are  parallel  to  each  other,  CTQ  will  be  panOkl  to  both. 
The  centre  of  bearing-pressure  is  at  Q;  and  0  Q  T  »  f^  llieaq|b 
of  repose. 

In  the  former  case  th^  efficiency  may  be  found  bj  panDahh 
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gTBinB  of  forces,  as  follows : — Draw  tLe  atmiglit  line  C  0  X;  this 
would  be  the  line  of  action  of  the  resultant  b^ring-presBuie  in  tho 
absence  of  friction,  and  N  would  be  tlic  centre  of  b(»riiig-pre8sur& 
Through  D,  parallel  t«  C  J. -draw  D  H  E,  cutting  CON  in  H, 
and  C  T  Q  in  K  Through  H  and  E,  pnmllel  to  D  C,  draw  H  P^ 
und  E  Pj.  Then,  in  the  absence  of  friction,  H  C  would  represent 
the  bearing-prWBure,  and  C  Pj  =  D  H  the  effort;  the  actual  bear- 
iDg-preMure  is  represented  by  E  C,  and  the  actual  effort  by  C  P,  = 
D  E.     Hence  tho  efficiency  and  counter- efficiency  are  as  follows ; — 


DH 
'  DE' 


DE 


..(1.) 


Another  metliod,  applicable  whether  the  forces  are  inclined  or 
parallel,  is  as  follows : — From  the  axis  of  rotatiou  O,  let  fall  0  I^ 
and  O  Mg  pcrjiendicular  respectively  to  tho  lines  of  action  of  the 
given  force  and  of  the  effort     Then,  by  the  balance  of  moment^    i 
the  effort  in  tho  absence  of  friction  is 


I'o  =  R' 


.9J^. 


From  a  convenient  point  in  the  actual  line  of  action,  C  Q,  of 
the  bearing- pressure  (such,  frir  example,  as  T,  where  it  touches  the 
small  circle  B  B),  let  fall  T  L,  i     '  ""  ' 
tively  to  the  same  pair  of  lines  c 
wtUbe 


P,  =  E' 


TL, 
T  M," 


Hence  Uie  efficiency  and  the  counter-efficiency  liave  tlie  following 
T»loe:^ 

pQ       0  L,  -  T  M, 

P,  "UMoTL  ' 


,..(3.) 


P,  _  0  Mq  -  T  L, 
P(,~OL,-Tii; 

The  »iiie  reaulta  are  expressed,  to  a  degree  of  approzimatioo 
anfficient  for  practical  purpose«,  by  the  following  trigonometrical 
fonnul*:— LetOto  =  i;  OMo  =  m;  ^  C  O  I,  =  •;  ^  COM, 
3  A    Then  we  have,  very  nearly, 


■  l+/r 


,..(3.) 
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In  making  use  of  the  preceding  fonnnk,  it  is  to  be  ofaserred 
tiiat  the  owni^ary  alffdmUeal  ngna  of  sin  «  and  sin  fi  ifiply  to  tiioae 
ouBee  in  which  the  two  angles  •  and  /S  lie  at  ccmttmry  ndes  of  O  C. 
In  the  oases  in  which  those  angles  lie  at  the  same  aide  of  O  O,  their 
algebraical  signs  are  the  same;  and  in  the  formula  they*  are  to  be 
made  both  positive  or  both  negaiive^  according  as  /S  is  Uss  or  grmter 
than  « ;  so  that  the  efficiency  may  be  always  ezpreosed  by  a  ficio- 
tion  less  than  unity.     That  is  to  say, 

^        l^-^sin/i 


If/s 


m:  =r-=2 


If^ 


1  -  •—  sin  • 

_        l+-^sin/5 
P.       1   .  /*•  .      ■ 


(3  a) 


When  the  lines  of  action  intersect,  let  O  C  be  denoted  by  e ; 
then  Z  =  c  cos  «,  and  m=zc  cos  /9 ;  and  consequently  the  three 
preceding  equations  take  the  following  form : — 

p  and  •  of  contrary  signs;  ^  = y ; (4) 

^1      1  +  ^tan, 

,and<.ofthe.sa.esign; 

l--^tan3 

^      1  -  ^^  tan« 
c 

p        l+'^tan^fl 
/3^«;  J«  = ' (4a) 

e 

When  the  lines  of  action  of  the  forces  are  pandlol,  we  JiTiMn  ^ 
and  sin  «  =  +  1  or  —  1,  as  the  case  maybe;  and  ike 

take  the  following  shape : — 

When  I  and  m  lie  at  contrary  sides  of  O,  the 
of  the  first  kind ; ''  and 


I -It 


-9  _ 


tn 


1  + 


/r' 
I 


.(i) 
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Wlieu/Bud  m  lie  at  the  same  side  of  O; 

If  m  j::^  I,  the  piece  is  a  "lever  of  the  second  kind;"  i 


If  JH  .^  f,  tbe  piece  is  a  "  lever  of  the  thfa*d  kind ;"  and 


(As  to  levers  of  tlie  firat,  second,  and  third  kinds,  see  AiTticle 
221,  page  233.) 

The  following  method  is  applicable  whether  the  forces  are  inclined 
or  parallel;  in  the  former  case  it  is  approximate,  in  the  latter 
exact  Through  O,  perpendicular  to  O  C,  draw  U  0  V,  cutting 
the  lines  of  action  of  the  given  force  and  of  the  effort  in  U  and  V 
respectively.  The  point  where  this  transverse  line  cuts  the  small 
circle  B  B  coincides  exactly  with  I  when  the  forces  are  jmnillel, 
and  is  very  near  T  when  they  are  inclined ;  and  in  either  case  the 
letter  T  will  be  used  to  denote  that  point.  Then 
Po_OF    TJV 

Pi  "  U  V    T  U ^    ' 

It  is  evident  that  with  a  given  radius  and  a  pven  eo-efficient  of 
friction,  the  efficiency  of  an  axle  is  the  greater  the  more  nearly 
the  effort  and  the  given  force  are  broiifht  into  direct  opposition  to 
each  other,  and  also  the  more  dislant  their  lines  of  j.'tion  are  from 
the  ax  id  of  rotation. 

374.  Asitra  •ri>aUBri  MBMHiiid  hr  Baadb — WLi:i  tlie  rotating 
piece  which  turns  with  an  axle  consists  of  a  pair  ot  pulleys,  one 
receiving  motion  from  a  driving  pulley,  and  the  other  oomuiuni- 
eating  motion  to  a  following  [inlley,  rc^'.-rd  must  be  had  to  the  fact 
that  the  useful  resiatauce  and  the  driving  effort  are  each  of  tbcm 
the  d^ervtiee  of  «  pair  of  tensions ;  and  that  it  is  upon  the  r«mUlant 
ofeachof  those  pairs  of  tensions  (being  their  sum,  if  they  act  parallel 
to  each  other)  tlkat  the  axle-friction  depends. 

The  principles  accni-ding  to  which  the  tensioos  requijr«d  at  the 
two  aides  of  a  baud  for  tnnsmitting  a  given  effort  are  determined, 
H    bsve  been  Btmtcd  in  Article  310  a,  pages  351,  352. 
^m       The  belt  which  drives  the  firat  pulley  may  be  called  the  driving 
^B4rii,'  that  which  is  driven  by  the  second  pulley,  the  /oUotoing  fr 
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The  teasions  on  the  two  Bides  of  the  following  belt  are  given ;  and 
the  moment  of  the  useful  resistance  is  that  of  their  difference, 
acting  with  a  leverage  equal  to  the  effective  radius  of  the  second 
pulley.  Let  jE>  be  that  radius;  T^  and  T^  the  two  tensions;  thai 
the  moment  of  the  useful  resistance  is 

pR=,»(Ti-T,). 

For  the  actual  useful  resistance  there  is  to  be  subetituted  a  force 
equal  to  the  resultant  of  T^  and  Tj,  and  exerting  the  same  moment. 
That  is  to  say,  let  y  denote  the  angle  which  the  two  sides  of  the 
band  make  with  each  other ;  then  for  the  actual  useful  resistance 
is  to  be  substituted  a  force, 

»••=  J  {T;  +  T^  +  2  Ti  T,  cos  y}, (1.) 

acting  at  the  following  perpendicular  dbtanoe  from  the  axis  of 
rotation : — 


7.  _  P  (Ti  —  To)  .^ 


And  this  is  to  be  compounded  with  the  weight  of  the  rotating 
piece,  to  find  the  given  force  R'  of  the  rules  in  the  preceding 
Article,  whose  perpendicular  distance  from  the  axLi  will  be 

I  =  ^-^'k^ W 

The  value  of  k  may  be  expressed  in  terms  of  the  ratio  of  the 

tensions  to  each  other,  and  independeutly  of  their  absolute  values, 

T 
as  follows : — Let  N  =  rfr  ^  ^®  ^^^^  ^^  ^®  ^'^^  tensions  foond 

by  the  rules  of  Article  310  a,  page  351.     Then 

"  J{W  +  1  +  2  N  cos  y}  ^   ' 

In  like  manner,  for  the  actual  line  of  action  of  the  effect  hj 
which  the  first  pulley  is  driven  is  to  be  substituted  the  line  of 
action  of  a  force  exeitiug  the  same  moment,  and  equal  to  tiie 
resultant  of  the  tensions  of  the  two  sides  of  the  driving-hand. 
The  perpendicular  distance  m  of  this  line  of  action  fiom  Ute  axil 
of  rotation  is  given  by  the  following  formula: — Let  p'  be  ^ 
effective  radius  of  the  pulley ;  N*,  the  ratio  of  the  greater  to  tiie 
lesser  tension ;  y ,  the  angle  which  the  two  sides  of  the  band  maki 
with  each  other;  then 

•^""^{N*  +  1  +  2N'cosy'} ^*' 

There  are  many  cases  in  pmctice  in  which  the  two  ndei  of 
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of  the  bands  may  be  treated  bm  sensibly  parallelj  and  then  mm 
bavo  aim  ply, 


K  -     N-1    ' 


N  +  i 


N'  . 


1 


^nd  if,  moreover,  as  frequently  happens,  the  n'eight  of  the  puUeyf . 
and  »xle  is  uoall  compared  with  the  tensions,  we  way  neglect  it, 
and  make  K'=R*  nod  l^k,  preparatory  to  applying  the  rule* 
of  the  preceding  Article  to  the  determination  of  the  efficiency. 

375.  SHcieBCT  •>*  >  Mcrrw.— The  efficiency  of  a  screw  acting  a»  a 
primuy  piece  is  nearly  the  same  with  that  of  a  block  sliding  on  & 
tftmight  guide,  which  represents  the  development  of  a  helix  situated 
midway  between  the  outer  and  inner  edges  of  the  screw-thread; 
the  bl(>ck  being  acted  upon  by  forces  raaijing  the  same  angles  with 
the  straight  guide  that  the  actual  forces  do  with  that  helix.  As  to 
the  development  of  a  helix,  see  Article  63,  page  40 ;  and  as  to  tha 
'Cfficieucy  of  a  piece  sliding  along  a  straight  guide,  see  Article  Z72, 
I»ge42G. 

376.  KOictcHCT  »f  I^Bg  ■.!■?•  •f  nMrliantml  HkaMaB. — In  a  liuB 
of  horizontal  shafting  for  transmitting  motive  power  to  long 
distances  in  ti  mill,  n  great  part  of  the  wasted  work  is  spent  in 
OTcrcoming  the  friction  produced  simply  by  the  weight  of  the 
•haft  resting  on  its  bearings;  and  the  efficiency  and  counter- 
efficiency  OS  affected  by  this  cause  of  loss  of  power  can  be  con- 
Btdered  and  calculated  separately. 

For  reasons  connected  with  the  principles  of  the  strength  of 
matfirials,  to  be  explained  further  on,  the  cube  of  the  diamder  of  A 
tiuktt  of  uniform  diameter  must  be  made  to  bear  a.  certain  propor- 
tion to  the  driving  moment  exerted  upon  it  to  keep  up  its  rotation. 
That  is  to  say,  let  Mj  denote  that  moment;  h,  the  diuraeter  of  ths 
■haft;  then 


i 


M, 


A  A*; 


(I) 


A  being  a  co-efficiunt  whose  values  in  practice  nnge,  according 
t»  circnmstancea  to  be  explained  in  the  Third  Part  of  this  treatii^ 

for  forces  in  lbs.  and  dimensions  ii 
and  for  forces  in  kilogrammes  and 

from  021  to  1-2G. 

Let  u)  denote  the  heaviness  of  iron;  /,  the  co-efficient  of . 
then  the  weight  of  an  nnit  of  length  of  the  abaft  ia 
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the  firiction  per  unit  of  lengUi  is,  veiy  aauAy, 
and  the  momerU  qf/riction  per  unit  of  length  is 


J/w  h^  =z  •3927/w  Ifi  itouAj. — -..-(2.) 

o 

Let  L  be  the  length  of  a  shaft  of  nniform  diameter,  sooli  that  ihe 
tvhole  driving  moment  is  exhausted  in  overooming  its  own  fioetion. 
This  may  be  called  the  eaJMAutwe  length.    Th/BO,  we  mxml  kvps 

Ml  =  A  ^8  =-  '3927/wh^Ij;  and  therefore 

^  =  -3927/10- ^^ 

For  lengths  in  feet,  and  diameter  in  inches,  we  have  w  ^  -^ ;  being 

the  weight  in  pounds  of  a  rod  of  iron  a  foot  long  and  an  indi 
square.  For  lengths  in  metrea,  and  diameters  in.  millimtees,  we 
have  iff  =  -0077  nearly;  being  the  weight  of  a  rod  of  iron  one 
m^tre  long  and  one  millimetre  square.  Lefty=:  0'051;  then  the 
following  are  the  values  of  the  exhaustive  length  L  conaqnnding 
to  different  values  of  A : — 

A,  British  measures,      300  600  1,200  1,800 

„   French,                     0*21  0*42  0-84  1-26 

L,  feet                          4)500  9,000  18,000  27,000 

„  metres                     1,365  2,730  5,460  8,190 

It  is  obvious  that  the  efficiency  of  a  length,  /,  of  gW^ng  of 
uniform  diameter  is  given  by  the  expression 

Mi""^      L^ ^*^ 

Mq  being  the  driving  moment  in  the  absence  of  friction:  IL,  the 

I 
actual  driving  moment;  and  j,  the  fraction  of  that  moment  ex- 
pended on  friction;  also,  that  the  counter-effici^icj  is 

M,  L 


Mo      L  -  /• 


.(5.) 


When,  besides  its  own  weighty  the  shaft  is  loaded  with  the  wvighte 
of  palleys  and  tendona  oi  b^Us,  the  effect  of  aadi  fKHity?'**^  iotd 
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may  be  allowed  for,  with  a  liegree  o(  accuracy  suffictent  for  practical 
purposes,  in  tlie  following  inanner: — Fiud  the  maguitudo  of  tho 
I'CBultAnl  of  the  weight  of  the  shaft  and  additional  load ;  and  let  in 
lie  the  ratio  which  it  bears  to  the  weight  of  tlie  shaft.  Then  tho 
modified  iHlue  of  tho  exhaustive  length  is  to  be  found  by  putting 
m  to  instead  of  w  in  the  denominator  of  the  expression  (3.) :  that  is 
to  8My 


I 


••(«■) 


The  waste  of  work 
•nd  the  efficiency  ii 


■^~-3a27/n»«»" 

1  a  long  line  of  shafting  may  be  diminished, 
Bil,  by  cauBUig  it  to  taper,  bo  that  the  cube 
i^ncli  cross-seudon  be  proportional  to  the 
The  most  perfect  way  of  fulfilling  that 
cwndition  is  to  make  the  diameter  diminiab  continnonaly  in  geo- 
metriod  progreaaion;  tbe  generating  line  or  longitudinal  section 
of  the  shaft  bting  a  logarithmic  curve.  Let  A  be  the  diameter  at 
the  driving  end,  3-  the  dintunce  of  a  given  cross-section  from  that 
end,  and  y  the  diameter  at  that  cross-section;  then 


y  =  *. 


..(;.) 


be     Ii-  is  the  reciprocal  of  the  natural  number,  or  anti- 
m,  correapondiiig  to  the  hyperbolic  logarithm  s-i-,  and  to 

imon  logarithm  — ^-y — .     Let  I  be  the  total  length  of  sncli 
orkiag  moment  exerted  at 


Counter- 


Mo" 


>  cannot  bo  perfectly  realized  in  practice;  but  it  can  bo 
raximated  to  by  making  the  slutft  consi^it  of  a  series  of  len^hs, 
'"isions,  each  of  uniform  diameter,  and  increasing  in  diameter 

yatep. 

-  now  denote  the  length  of  one  of  those  divisions;  the 

mber  of   divisions  being    n.     The  counter-efficiency  of   each 
■vuion  is  expressed  by 


I 
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4tnd  coneeqaenily,  the  coanter-efficien(7'  of  the  whole  shaft  is, 

L 

.(10.) 


Mo      \l-1\ 


The  diameters  of  the  lengths  of  shafting,  beginning  at  the  driving- 
end,  form  a  diminishing  geometrical  progression,  of  -which  the 
•common  ratio  is 


{^-A} <"•> 


Section  II. — Effidawy  and  CoufUer-^ffieimey  qfModet  of 

Connection  in  Mechanism, 


377.  BOicicMcy  of  modes  of  CoMMectioM  te  Geawl — Xn  an  ele- 
mentary combination  consisting  of  two  pieces,  a  driver  and  a 
follower,  there  is  always  some  work  lost  in  overcoming  wasteful 
resistance  occasioned  by  the  mode  of  connection ;  the  resalt  being 
that  the  work  done  by  the  driver  at  its  working-pointris  greater 
than  the  work  done  upon  the  follower  at  its  driving-point,  in  a 
proportion  which  is  the  counter-efficiency  of  the  connection;  and  tlie 
reciprocal  of  that  proportion  is  the  efficiency  of  the  eonntBetunL  In 
calculating  the  efficiency  or  the  counter-efficiency  of  a  train  of 
mechanism,  therefore,  the  factors  to  be  multiplied  together  comprise 
not  only  the  efficiencies,  or  the  counter-efficiencies,  of  the  aeveral 
^primary  pieces  considered  separately,  but  also  those  of  the  aeveral 
modes  of  connection  by  which  they  communicate  motion  to  each 
other. 

378.  EOicieHcr  of  BoiiiMff  CoMiacf. — The  work  lost  wiieQ  one 
primary  piece  drives  another  by  rolling  contact  is  expended  in 
overcoming  the  rolling  resistance  of  the  pitch-snrfiices,  a  kind  of 
resistance  whose  mode  of  action  has  been  explained  in  Article  311, 
page  353 ;  and  the  value  of  that  work  in  units  of  work  per  second 
is  given  by  the  expression  a  6  N;  in  which  N  is  the  normal  pnaare 
exerted  by  the  pitch-surfaces  on  each  other;  6,  a  constant  ann,  of  a 
length  depending  on  the  nature  of  the  surfaces  (for  example^  0O03 
of  a  foot  s  0*6  millirndti-e  for  cast  iron  on  cast  iron,  see  page  3M); 
and  a,  the  i-elative  angular  velocity  of  the  surfaces. 

The  useful  work  per  second  is  expressed  by  «  /"N,  in  widA/» 
the  co-efficient  of  friction  of  the  surfaces,  and  u  the  oommoii  Telodtr 
of  the  pitch-lines.     Hence  the  counter-efficiency  is 
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Let  pi  and  p^  be  the  lengtbs  of  two  pcrpentliculan  let  fall  from 
tlie  two  Hzes  ol'  rotation  on  the  common  tangent  of  the  two  pitch- 
lines;  if  the  pieces  are  circular  wheels,  those  perpendiculars  will 
be  the  radii     Then  the  absolute  angular  velocities  of  the  pieces 


■re  respectively  - 
therefore 


and  - 


Pi 


and  their  relative  angular  velocity  ia 


which  value  being  substituted  ii 
efficiency  the  following  value:— 


equation  (1),  gives  for  the  oonnter- 


pj' ' 


..(2.) 


It  is  assumed  that  the  normal  pres.'sure  is  not  grt^ater  than  is 
necessary  in  order  to  give  sufficient  friction  t«  communicate  the 
motion. 

It  is  evident,  from  the  smallneas  of  b,  that  the  lost  work  in  this 
case  must  be  almost  always  a  very  Email  fraction  of  the  whole. 

370.  Baciracr  sf  aiuiBB  chuci  >■  UfMcraU — In  fig.  265,  let  T 
he  the  point  of  contact  of  a  pair  of 
moving    pieces    connected   by  sliding  / 

contact.     Let  the  plane  of  the  figure  „  ,- 

be  that  containing  the  directions  of 
motion  of  the  two  particles  which  touch 
each  other  at  the  point  T ;  and  let  T  V 
bfl  the  velocity  of  the  driving-particle, 
and  T  W  the  velocity  of  the  following- 
particle  ;  whence  V  W  will  represent  i 
the  velocity  of  sliding,  and  T  TJ,  per- 
pendicular to  y  W,  the  common  com- 
ponent of  the  velocities  of  the  two 
particles  along  their  line  of  connection 
E  T  P.  C  T  C,  paralli-l  to  V  W,  and 
perpendicular  to  R  T  P,  is  a  common 
tangent  to  the  two  acting  surfaces  at 
Iho  point  T;  the  arrow  A  represents 
Um)  direction  in  which  the  driver  aUdes 
iclfttively  to  the  follower;  and  the 
UTffW  fi,  the  direction  in  which  the 
follower  slides  relatively  to  the  driver. 

Along  the  line  of  connection,  that  is, 
toorrnal  to  the  acting  surfaces  at  T,  lay 
off  1  P  to  represent  the   effort  exerted  by  the  driver  on  t 
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follower,  and  TB(=~TP)to  represent  the  eqnal  and  opponte 
useful  resistance  exerted  by  the  follower  against  the  driveE.  l>imw 
S  T  Q,  making  with  B  T  P  an  angle  equal  to  the  ang^  of  repoae 
of  the  rubbing  surfieioes  (see  Article  309,  page  349),  and  inclined  in 
the  proper  direction  to  represent  forces  opposing  the  sliding  motion ; 
draw  P  Q  and  R  S  parallel  to  C  0.  Then  T  Q  will  represent  the 
resultant  pressure  exerted  by  the  driver  on  the  follower,  and  T  S 
(  =  —  T  Q),  the  equal  and  opposite  resultant  preasure  exerted  by 
the  follower  against  the  driver,  and  P  Q  =  —  K  8  will  represent 
the  friction  which  is  overcome,  through  the  distance  Y  W,  m  each 
second;  while  the  useful  resistance,  T  B,  is  overcome  through  ihib 
distance  T  U.  Hence  the  useful  work  per  seooiid  is  T  XJ  '  T  B ; 
the  lost  work  is  Y  W  *  K  S;  and  the  counter-efficiency  is 

_          VW    RS 
^~  TU'TR '    ' 

Let  the  angle  XT  T  Y  =  «,  the  angle  XT  T  W  =  /S,  and  let /be 

the  co-efficient  of  friction.    Then  we  have — 

Y^  =  tan«  +  tan/5;  ,j^  =/; 

and  consequently 

c=  1  +/(tan«  +  tan/8). (3.) 

380.  KflcicMcy  •€  Teeth. — It  has  already  been  ahown,  in  Article 
127,  page  118,  that  the  relative  velocity  of  sliding  of  a  pair  of 
teeth  in  outside  gearing  is  expressed  at  a  given  instant  by 

(«!  +  flo)  ^'y 

where  t  denotes  the  distance  at  that  instant  of  the  point  of  oonttci 
from  tlio  pitch-point.  (In  inside  gearing  the  angular  veh)ciiy  of 
the  greater  wheel  is  to  be  taken  with  the  n^pative  sign.) 

The  distance  t  is  continuaUy  varying  from  a  maximum  at  the 
beginning  and  end  of  the  contact,  to  nothing  at  the  inatant  of  paw- 
ing the  pitch-point.  Its  mean  wdus  may  be  assomed,  with  snf- 
ficient  accuracy  for  practical  purposes,  to  be  sensibly  equal  to  oat- 
half  of  its  greatest  value;  and  in  the  formuhe  which  foUow,  the 
syinbol  t  stands  for  that  mean  value. 

Let  P  be  the  mutual  pressure  exerted  by  the  teeth;  f^  the  oo- 
efiicicnt  of  friction;  then  the  work  lost  per  second  throa^  ths 
friction  of  the  teeth  is 

{a,  -ha^t/F. 
Let  u  be  the  common  velocity  of  the  two  pitdmardea;  ^  tht 
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n  t^iquilj/  of  the  lioe  of  connection  to  tlie  common  taagcnt  of 
the  pitch-cirdea;  then  u  cos  I  ia  the  mean  value  of  the  common 
component  of  the  velocities  of  the  acting  aurfiices  of  the  t«eth  klong 
the  line  of  conoection ;  and  the  useful  work  done  per  aecood  is  ex- 
ib7 


so  that  the  counter- etBciency  is 


.  .  1  ^  J!^  -  "»'•■■ (1.) 

Jjet  r-i  and  r^  be  the  raitii  of  the  two  pitch-circles ;  then  we  have 


,..(2.) 


If  two  pun  of  teeth  at  least  are  to  be  in  action  at  each  infitant 
{as  in  the  case  of  involute  teeth,  a&d  of  some  epicycloidal  t«eth), 

and  if  the  pilch  be  denoted  by  p,  we  haTe  {  sec  4  =  ^;  and  there- 

where  (ij  and  n^  are  the  number  of  toeth  in  the  two  wheels. 

In  mauir  examples  of  epicycloidal  t«etb,  especially  where  small 

pinions  are  nsed,  the  duration  of  the  contact  ia  only  ^  or  ^  <^  that 

mmed  in  equation  (3) ;  and  the  work  lost  in  friction  is  less  in  the 
me  proportioa 

"Fha  preceding  rules  hare  Iteen  stated  in  the  form  applicable  to 
"Bf-wheela,  In  order  to  make  tliem  appbcable  to  bevcl-wheels, 
L  that  is  necessary  is  to  understand  that  the  measurements  of 
i,  distances,  and  obliquity,  arc  to  be  ma<Ic,  not  on  the  actual 
■reircUa,  but  on  the  pitch-circles  as  shown  <m  the  deoelopatMl  cf 
t  normal  tones;  as  to  which,  see  Article  144,  page  144. 
t  When  there  is  a  Iranrntne  eompojimi  in  the  relative  velocity  of 
j;  (as  in  gearing-screws.  Article  154,  page  ICO),  the  fractional 
B  of  the  work  lost  in  friction  is  to  be  first  computed  as  if  for  a 
|iair  of  spur-wheels  whose  pi  I  ili -circles  arc  the  osculating  circles  of 
■^  mal  BcrewJines  (see  Article  154,  pages  161, 122;  and  Articla 

ge  163).     Then  find  in  what  ratio  the  velocity  oC  ija&n%i& 
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increased  by  compounding  the  transveirBe  component  with  the 
direct  component  (a.  +  o^)  <;  and  increase  the  fisction  of  work  lost 
through  friction  in  the  same  proportion. 

381.  BfletoMCT  •€  Baiidbk — A  band,  such  as  a  leather  belt  or  a 
hempen  rope,  which  is  not  perfectly  elastic^  requires  the  esqienditare 
of  a  certain  quantity  of  work — ^firat  to  bend  it  to  the  curvature  of 
a  pulley,  and  then  to  straighten  it  again;  and  the  quantity  of  work 
so  lost  has  been  found  by  experiment  to  be  nearly  the  same  as 
would  be  required  in  order  to  overcome  an  additional  resistance, 
varying  directly  as  the  sectional  area  of  the  band,  directly  as  its 
tension,  and  inversely  as  the  radius  of  the  pulley.  In  the  follow- 
ing formulsB  for  leather  belts,  the  stifEness  is  given  as  estimated  by 
Beuleaux  (ConatruclionslehrefUr  MaaMnenbaUy  §  307). 

Let  T  be  the  mean  tension  of  the  belt;  S,  its  sectional  area; 
r,  the  radius  of  the  pulley;  6,  a  constant  divisor  determined  by  ex- 
periment; R',  the  resistance  due  to  stiffness;  then 

^'  =  J7- (»•) 

b  (for  leather)  =  34  inch  =  87  millimetres. 

To  apply  this  to  an  endless  belt  connecting  a  pair  of  pulleys  of 

the  respective  radii  r^  and  rj,  let  T^  and  Tj  be  the  tensions  of  the 

two  sides  of  the  belt,  as  deteimined  by  the  rule  of  Article  310  a, 

page  351.     Then  the  useful  resistance  is  T.  —  To ;  the  mean  tok- 

.   T  +  T 
sion  is    ^  ^ — -;  and  the  additional  resistance  due  to  stiffness  is 

T^  +  Tg  8/2.1) 

consequently  the  counter-efficiency  is 

T,  +  Tg       Sf j.      1  )    ] 
"-'"^2(T,-T^'6tr/rjM 

"-^^2(N— 1)    6lri      rj' 

T 
N  denoting  =^,  as  in  Article  374,  page  433.     The  sectional  aret. 

-''2 

8,  of  a  leather  belt  is  given  by  the  formula 

s  =  ^; (1) 

where  p  denotes  the  safe  working  tension  of  leather  bdti,  in  vniti 
of  weight  per  unit  of  area;  its  value  beings  aooording  to  MoriSt 


oi  kilognunine  on  tho  square  tnilUtaCtre,  r 

:85  lbs.  on  the  square  iuch. 

The  ordinary  thickness  of  the  leather  of  which  belts  are  made  is 
about  0'16  of  an  inch,  or  4  millim^rea;  and  from  thia  and  from 
the  area  tho  breadth  may  be  calculated.  A  double  belt  in  of  doable 
thiclaieBs,  and  gires  the  Kume  area  with  half  the  bi-cadtb  of  a  aingle 
belt 

When  a  band  runs  at  a  high  velocity,  the  eenlri/ugal  leiition, 
or  teuaiou  produced  by  centrifugal  force,  must  be  added  to  the 
t«iiBion  required  for  produciug  friction  on  the  pulleys,  in  order  to 
find  the  total  tcDaioa  at  either  aide  of  the  biuid,  with  a  view  ta 
determining  it«  sectional  area  and  its  stifTuess,  Tho  centrifugal 
tension  is  given  by  the  following  expreSBiuu  : — 

--¥■■ <^' 

in  which  h>  is  the  heaviness  (being,  for  leather  belts,  nearly  equal  to 
that  of  water) ;  S,  the  sectional  area;  v,  the  velocity;  undy,  gravity 
(  =  332  feet,  or  981  metres  per  second). 

Wheu  ceutrifugal  force  is  taken  into  consideration,  the  following 
formula  ia  to  be  used  for  calculating  tho  sectional  area;  T,  being 
tbe  tension  at  the  driving-side  of  the  belt,  as  calculated  l^  the  rules 
of  Article  310a,  page  351,  exclujnve  of  eeniri/ugal  tention: — ■ 


••(«•> 


and  the  following  formula  for  the  counter-efficiency: — 


-(«■> 


Tbe  qnestJODi  of  amt  of  bands  and  centrifugal  tension  will  be 
finther  considered  in  the  part  of  this  treatise  relating  to  the  strength 
of  machinery. 

For  calculating  the  efficiency  of  hempen  ropes  used  as  b«nds,  it 
is  DDnecesBaiy  in  such  questions  as  that  of  the  present  Article  to 
use  a  more  complex  formula  than  that  of  Eytelwein — v'u., 

-'''^■. (-) 


U2 
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In  all  the  formnl^e,  -rr  is  to  be  sabstitateii  tofc  -=.     The  prcqper 
value  of  D^  is  given  by  the  formula 

T 

where  |>'  =  looo  lor  measures  in  inches  and  lbs. ;  and 

jf  =s     0*7  for  measures  in  miUim^treB  and  kilogpwnmea 
J6S.  Kfldmer  «f  UiikwOTiu— In  %  266,  let  G^  T|,  G|  T,  be  two 
leyersi  turning  alwut  parallel  axes  at  u^  and  G^y  and  oonneeied  with 
each  other  by  the  link  T^Tjj  T^  and  I^  being  the  conneeted  poinfta. 


Fig.  266. 

The  pins,  which  are  connected  with  each  other  by  means  cf  ths 
link,  are  exaggerated  in  diameter,  for  the  sake  of  distinctness.  Lei 
O^  T|  be  the  driver,  and  Cj  Tj  the  follower,  the  motion  being  as 
shown  by  the  arrows.  From  the  axes  let  &11  the  perpendicdan 
O^  Pj,  Cg  P29  upon  the  line  of  connection.  Then  tne  angular 
velocities  of  the  driver  and  follower  are  inversely  as  thoae  peipen- 
diculars ;  and,  in  the  absence  of  friction,  the  driving  momCTt  of  the 
first  lever  and  the  working  moment  of  the  second  are  direetfy  as 
those  perpendiculars ;  the  driving  pressure  being  exerted  along  the 
line  of  connection  T^  Tj.  Let  M,  be  the  working  mooMnt;  and 
let  Mq  be  the  driving  moment  in  the  absence  of  finction;  then 
have 

To  allow  for  the  friction  of  the  pins,  mnltiply  the  otdiai  of 
pia  hj  the  sine  of  the  angle  of  repose;  that  is,  toj  mails  |h 
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r  friction;  and  with,  the  amoll  nulii  tlius  compnt«d, 
Tj  A,  and  Tj  A},  dixw  small  circles  about  the  connected  points. 
Then  draw  a  straight  line,  Q,  A,  B,  Q,  B,  A,,  touching  both  the 
siniill  circles,  and  in  anch  a  position  aa  to  represent  the  line  of 
action  of  a  force  that  resists  the  motion  of  both  pins  in  the  ejres  of 
the  link.  This  will  be  the  line  of  action  of  the  resultant  force 
exerted  through  the  link.  Let  tail  upon  it  the  perpendiciilara 
C,  Q,,  C„  Qjj  these  will  bo  projwrtional  to  the  actual  driving 
moment  and  working  moment  respectively ;  that  is  to  wy,  let  Mj 
be  the  driving  moment,  indading  friction^  then 

Comparing  this  with  tiie  valne  of  Qia  diiviiig  moment  without 
frictioD,  we  lind  for  the  coimtrr-efficieney 

.      M,      0,  Q,C,  P,_  ,„ 


I 


and  for  the  efficiency 


C,  Qg  ■  C,  P, 


..(2.) 


e  149.) 
iS.  KSctowT  •*  Btoclu  >■<  -rKkle.  (See  Articles  200,  201, 
rages  214  to  316.} — In  a  tackle  composed  of  a  fixed  and  a  running 
Mock  containing  sheaves  connected  together  hy  means  of  a  rope,  let 
tiie  number  of  plies  of  rope  hy  which  the  blocks  are  connected  with 
each  other  be  n.  This  ia  also  the  coUectivo  number  of  sheaves  in 
the  two  blocks  taken  together,  and  is  the  number  expressing  the 
pvrehtue,  when  fricljon  is  neglected. 

Let  c  denol«  the  counter-efficiency  of  a  single  sheave,  as  depend- 
ing on  its  frictioa  on  the  pin,  according  to  the  principles  of  Article 
373,  page  427.  Let  d  denote  the  counter-efficiency  of  the  rope, 
when  pawing  over  a  single  sheave,  determined  by  the  principles 
of   Article    381,  the    tension  being   taken  as   nearly  equal  to 

— ;  where  R  is  the  useful  load,  or  rcsist^mce  opposed  to  the  motion 

of  the  ronning  block.  It  -^  n  is  also  the  effort  to  be  exerted  on 
thft  bauliog  part  of  the  rope,  in  the  absence  of  friction.  Then  tha 
counter-efficiency  of  the  tackle  will  be  expressed  approximately  by 


(«=■)■;. 


,..(L) 


K  that  tho  actual  or  effective  purchuse,  instead  of  being  expreeaed 
by  n,  will  he  ex[ires«ed  by 
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384.  BfllcleMcy  •€  C^naecttoa  hf  memmm  9tm  VtaldU — When  motion 
is  communicated  from  one  piston  to  another  by  means  of  an  inter- 
vening mass  of  fluid,  as  described  in  Articles  207  to  210,  pages  221 
to  224,  the  efficiencies  and  counter-efficiencies  of  the  two  pistons 
have  in  the  first  place  to  be  taken  into  account;  which  quantitiei 
are  to  be  determined  by  means  of  the  principles  stated  at  page 
399;  that  is  to  say,  with  ordinary  workmanship  and  packing,  the 
efficiency  of  each  piston  may  be  taken  at  0*9  nearly;  while  with  a 
carefully  made  cupped  leather  collar  the  counter-efficiency  of  a 
plunger  may  be  taken  at  the  following  value: — 

'  -  T-' <■ ) 

in  which  d  is  the  diameter  of  the  plunger;  and  6  a  constant, 
whose  value  is  from  0*01  to  0*015  of  an  inch,  or  from  0*25  to 
0*38  of  a  millimetre.  For  if  e  be  the  circumference  of  the 
plunger,  and  p  the  effective  -pressure  of  the  liquid,  the  whole 

amount  of  the  pressure  on  the  plunger  is  ^--r — ;  *nd  the  pressure 

required  to  overcome  the  friction  is  p  eb. 

The  efficiency  and  counter-efficiency  of  the  intervening  mass  of 
fluid  remain  to  be  considered;  and  i£  that  fluid  is  a  liquid,  and 
may  therefore  be  regarded  as  sensibly  incompressible,  these  quan- 
tities depend  on  the  work  which  is  lost  in  overcoming  the  resift- 
tance  of  the  passage  which  the  liquid  has  to  traversa 

To  prevent  unnecessary  loss  of  work,  that  passage  should 
be  as  wide  as  possible,  and  as  nearly  as  possible  of  unifbna 
transverse  section;  and  it  should  be  free  from  sudden  enlatge- 
ments  and  contractions,  and  from  sharp  bends,  all  necessary 
enlargements  and  contractions  which  may  be  required  being  made 
by  means  of  gradually  tapering  conoidal  parts  of  the  paaage, 
and  all  bends  by  means  of  gentle  curves.  When  those  conditions 
are  fulfilled,  let  Q  be  the  volume  of  liquid  which  is  forced  through 
the  passage  in  a  second;  S,  the  sectional  area  of  the  paange; 
then, 

*'=! (^) 

is  the  velocity  of  the  stream  of  fluid.     Let  b  denote  the  weUed 
border  or  circumference  of  the  passage;  then, 

'»  =  f» W 

is  what  is  called  the  hydraulic  mean  depth  of  the  paasafla.    In  a 
c/iindrical  pipe,  m  =  ^  diameter.    Let  /  be  the  lengSi  of  the 
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paaage,  and  vj  the  beuviness  of  tbe  liriuid.  Then  the  lois  of 
praruTe  in  overcoming  the  friction  of  the  passage  is 

"^^--^^ <*■> 

in  which  g  denotee  gravity,  and  /  a  co-effident  of  friction  whose 
Talne,  for  water  in  cyliudi-ical  caat-iron  pipes,  according  to  the 
experiments  of  Darcy,  is 

/=o™o-  (t+ji-J):' («■) 

d  being  the  diameter  of  the  pipe  in  feet 

Let  p  be  the  pressure  on  tbe  driven  or  following  piston;  then 
the  pressure  on  the  driving  piaton  a  p  -i-  p' ;  and  tbe  counter- 
e^ciency  of  (he  fluid  is 

>+p' w 

which,  being  multiplied  by  the  product  of  the  counter-etfici envies 
of  the  two  pistons,  gives  the  eovnter-r^iciejKy  of  iha  intervening 

When  the  intervening  fiuid  is  air,  tliere  is  a  loss  of  work 
tlirough  friction  of  the  passage,  depending  on  principles  similar  to 
those  of  the  friction  of  liquids;  and  there  is  a  further  loss  through 
the  escape  by  eonduction  of  the  heat  produced  by  the  comprcsuon 
of  the  air. 

The  friction  which  has  to  be  overcome  by  the  air,  and  which 
catises  a  certain  loss  of  pressure  between  the  compressing  pumps 
and  the  working  machinery,  conaistB  of  two  parts,  one  occasioned 
by  the  resistance  of  the  valves,  and  the  other  by  the  friction  along 
tbo  internal  sur&ce  of  pipes. 

To  overcome  the  resistance  of  valves,  abont  ftte  per  cent,  of  the 
effective  preasnre  may  be  allowed. 

Tbe  friction  in  tbe  pipes  depends  on  their  length  and  diameter, 
«nd  on  the  velocity  of  the  current  of  air  through  tbem.  It  is 
nearly  proporttonal  to  the  siiuare  of  the  velocity  of  the  air. 

A  velocity  of  about  furlj/  feet  per  teeond  for  tbe  air  in  ita  com- 
pressed  state  has  been  foniid  to  answer  in  practice.  The  diameter 
of  i>ipe  required  in  order  to  give  that  velocity  can  easily  be  com- 
jiutccl,  when  the  dimensions  of  the  cylinders  of  tbe  machinery  to  be 
driven,  and  the  number  of  strokes  per  minote,  are  gives. 
^^^  When  the  diameter  of  a  pipe  is  ao  adjusted  that  the  velocity  of 
^bbe  air  is  40  feet  per  second,  the  pressure  expended  in  overcoming 

^^V"  When  tbe  iliamctet  it  dprcated  in  ntiniiiittrsa,  for  {^  ndwtitata  — 
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its  friction  may  be  estimated  at  on»  per  mmC  of  Ae  Mai  ar  aimhOe 
f3Te88ure  of  the  air,  for  eoeryfvoe  hundrtd  dimmtimr§  of  ikapipe  thai 

its  length  contains. 

Although  the  abstraction  from  the  air  of  the  heat  produced  by 
the  compression  involves  a  certain  sacrifice  of  motive  power  (say 
from  30  to  35  per  cent.)  still  the  effects  of  the  heated  air  are  so 
inconvenient  in  practice,  that  it  is  desirable  to  cool  it  to  a  certain 
extent  during  or  immediately  after  the  compreasioD.  This  may  be 
effected  by  injecting  water  in  the  form  of  spn^  into  tiie  com- 
pressing pumps;  and  for  that  purpose  a  small  forcing  pomp  of 
about  Thsih.  of  the  capacity  of  the  compressing  pumps  has  been 
found  to  answer  in  practice.  The  air  may  be  thus  cooled  down  to 
about  104"  Fahr.  or  40°  Cent 

The  factor  in  the  counter-efficiency  due  to  the  loss  of  heat 
expresses  the  ratio  in  which  the  volume  of  air  as  discharged  firom 
the  compressing  pump  at  a  high  temperature  is  greater  than  the 
volume  of  the  same  air  when  it  reaches  the  working  machinery  at 
a  reduced  temperature;  which  ratio  may  be  calculated  approxi- 
mately by  taking  tuxysevenths  of  the  logarithm  of  iks  abtohUe 
tcorking  pressure  of  the  compressed  air  in  aJtmosphares^  and  fim£mg 
the  corresponding  natural  number.  That  is  to  say,  let  p^  denote 
one  atmosphere  (=  at  the  level  of  the  sea  14*7  Iba.  on  the  aqoare 
inch,  or  10333  kilogrammes  on  the  square  m^tre);  let  pi  be  the 
absolute  working  pressure  of  the  air,  so  that  Pi  —  j^o  is  the  effecdve 
pressure;  then  the  counter-efficiency  due  to  the  escape  of  hieat  is, 


=©' 


(7) 

From  examples  of  the  practical  working  of  oomprened  air. 
when  used  to  transmit  motive  power  to  long  distanoefl^  it  appeal* 
that  in  order  to  provide  for  leakage  and  various  o^er  imperflw- 
tions  in  working,  the  capacity  of  the  compressing  pQinpa  alKHild  be 
very  nearly  double  of  the  net  volume  of  nnoompveeaedair  required; 
and  it  has  also  been  found  necessary,  in  working  the  compranng 
pumps,  to  provide  from  three  to  four  times  the  power  of  thf 
machinery  (hiven  by  the  compressed  air. 


ADDENDUM  TO  Articlb  343,  Pagb  38& 

Rotatorf  Djaaaioaieters  —  EpIcycUc-TrBlm    l^jvWMnBCtHw— Hie 

term  of  "  epicyclic-train  dynamometers"  may  be  amdied  to  tboee 
instruments  in  which  the  power  to  be  measored  la  tmuHntttod 
through  an  epicyclic  train,  and  the  effort  exerted  is  moMarnd  fay 
means  of  the  force  i-equired  to  hold  the  Imui-cNm  ol  rmL  la 
^iDf^B  dynamomeUfr,  for  ex&m^V^^tihefQ  is  a  train  of  wlieJ-wutk 
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of  wliitli  the  prindple  (though  not  the  deUUa)  in  mfBciantly  wall 
represented  by  Sg.  176,  jiage  245.  The  bovol-whoel  1)  u  ijnvnn 
by  the  prime  mover;  and  through  the  Imvcl-whiwla  (or  Inivul-whwil, 
there  being  nra&lly  only  oue)  carried  by  the  arm  A,  it  drivca  the 
beTel-wbeel  C,  which  driven  the  working  roai^inery.  Tbtt  t««in- 
ann  A  is  kept  itt«ady  bjr  a  weight,  or  by  a  xpring;  and  it  ia  ebviosa 
that  the  moment  of  that  forc«  relatively  to  the  MBUnm  WUt  of 
rotation  of  B,  C,  and  A,  tnuxt  be  doubU  iA  th«  nomat  tnuu- 
roitted  from  B  to  0 ;  which  latter  luoinent — that  i^  half  IJw 
moment  of  the  weight  or  spring  that  huliii  A  Rtoady,  \>iiag 
mnltiplied  by  2  v  ■  Uie  number  of  tnmi  ill  a  given  Ume,  glvHt 
the  work  done  in  that  time.  Thii  appaiatna  may  be  nad*  to 
record  its  i««alt«  on  a  tnvelliiig  strip  oi  {apor,  lika  oUicr  Idndi  tl 


Amntu  n>  Amctz  381,  Pjun  440. 

pdim  «»— eataj  witb  tacfa  other  fay  nwaoa  ot  a  hand  an  sMr 
togeaer,  tbe  bcaridp  oT  tkair  Om^  amf  be  nlieired  from  tk« 
fit— t  4w  to  the  Xtamaa  at  thotaad  bf  ; 
|m1]^  a  Hooth  idle  irikeel  or  rolki;  tamii_ 
wiA  tfcm  botL  He  axia  «tf  mtaliim  <f  Ibo  I 
^■■MfinovitbtbcMortkopaB^a;  md  two  oat  of  Uw  dmo 
ibafti  AoaU  kam  tktr  l)«arii«i  aa  teoJ  op  aa  >o  W  mmMi  rf  > 
^^  otnt  «f  BOtnn  n  adbceliM  pcfpc^loakr  to  Ao  SXM  of 
■aMia^i««4cr  thutlM  itkl— ■  a/lho—«Oi  li—  «i^  •Oar 
MT«4irt  ikiH«h»«JM  tfciiiMJbtk«liiil,—Jttrt  tW 

' J        I  ^?r  ■ ..  ■  ^.  ..       , 

■^  Uhaae  aek  oAs  vMart  tW  iM   if   |     ■»  «W 

n.  ■■  I     I  rfTii  ijiiMii  r        -  •       *"    i*~     "lU*- 

jyanbe  TniMwn"  la  mmI  fi» dnoto  Mr.  C  T  Hn'a mAoJ 
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iiS  DYXAiaCS  OF  KACRIHZBT. 

power  in  units  of  work  per  second,  and  dividing  hf  the  apeed. 
The  available  tenaions  at  the  driving  and  retonung  ndea  of  tiw 
rope  are  calcniated  by  the  mies  of  Article  310  a,  pags  351 ;  in 
practice  it  is  considered  sofficiently  accnrate  to  make  the  fonner 
turiee,  and  the  latter  once,  the  effort  to  be  tmnnnitted.  To  eadi  of 
those  tensions  is  to  be  added  the  oentrifbgal  tenaioa  (see  AitJde 
381,  page  441)  in  order  to  obtain  the  total  tensions.  Tb»  tiBas- 
-verse  duDenmons  of  the  rope  are  adapted  to  the  total  touMM  at  Ae 
driving  aide  of  tlie  rope,  by  the  application  of  rules  to  be  ginn  in 
the  Part  of  this  Treatise  relating  to  strengUL 

In  order  that  the  rope  may  not  be  oventntined  by  the  bendiiig 
of  the  virea  of  which  it  oonsiste,  in  paasing  round  the  driviiw  and 
following  pulleys,  the  diameter  of  each  of  those  pnlleya  diould  not 
be  lesa  tlum  l¥i  times  the  diameter  of  the  rope,  and  is  ■ometinw 
as  much  as  260  times. 

The  distance  between  the  driving  and  following  pulleys  is  not 
made  less  than  about  100  feet;  for  at  le»  distances  ahafting  is 
more  efficient;  nor  is  it  made  more  than  500  feet  in  one  sptit, 
1>ecauBe  of  the  great  depth  of  the  catenary  curves  in  which  tbe 
rope  hangs.  When  the  distance  between  the  driving  and  follow- 
ing pulleys  exceeds  500  feet,  the  rope  ia  snpjrarted  at  intemediats 
points  by  pairs  of  bearing  pulleys,  so  as  to  divide  the  whole  dia- 
tance  into  ioterrala  of  600  feet  or  les& 

The  bearing  pulleys  are  constructed  in  tibe  same  wmy  with  tlte 
driving  and  following  pulleys,  and  of  about  half  the  diameter. 

The  loss  of  work  due  to  the  stifibesa  of  the  rope  may  be  n^atded 
as  insensible;  because  when  the  diameters  of  the  pnll^  sr 
sufficient,  the  wires  of  which  the  rope  is  made  stiaig^ten  them- 
selves by  their  own  elasticity  after  having  been  bent. 

It  has  been  found  by  practical  experience  that  the  losses  of 
power  in  this  apparatus  are  nearly  as  follows,  in  fractions  of  tb« 
whole  power  transmitted ; — 

Overcoming  the  axle-faction  of  the  driving  and 
following  pulleys,  about  -n,  or 0*0350 

Overcoming  the  axle-friction  of  each  pair  of  bear- 
ing pulleys,  about  vii,  or o-ooil 


^  being  tbe  number  of  paira  of  intermediate  bearing  poll^ra* 

*  For  detailed  intomiktioii  on  ths  nibject  of  Telodninnie  T'UBnu 
see  tho  following  auiturdtiM'.— Nntwe  tur  '"  7Vm«Bi*_£_  nu 
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Addendum  to  Article  382,  Page  442, 

BffdPi  •!  obiiqniir  9t  B  C9marrtimfif4  oa  VririivH. — The  alter- 
nate thrust  aitd  tension  aloug  the  connecting-rod  is  almost  always 
an  imjwrtant  component,  and  aometiraes  the  moat  important  com- 
]K)neQt,  of  the  force  which  is  balanced  by  the  prweiirc  of  the  bear- 
ings of  a  crnnk-shafb ;  and  the  lateral  component  of  that  nlt«niiita 
thruat  and  tenaion  in  the  caiiae  of  the  friction  of  the  guides  by 
which  the  hc»d  of  the  piston-rod  ia  made  to  oiovo  in  a  straight 
line,  when  there  is  no  parallel  motion. 

I^e  direction  of  the  connecting-rod  ia  continually  changing 
between  curtain  limits ;  and  thia  causes  a  continual  change  in  the 
ratio  homo  by  the  whole  force  exerted  along  that  i-od,  and  by  its 
lateral  comjionent,  to  ita  direct  component 

Let  r  b(i  the  crank-arm,  a  the  length  of  the  connecting-rod;  then 
the  nuan  value  of  the  ratio  which  the  lateral  component  boon  to 
the  direct  component  is  very  nearly  as  follows : — 

Q_    _  J'l»l*'-__  Ml 

P  "    ^/(sS-0-6l7  r>y  ^    ' 

and  it  /he  the  eo-eScient  of  friction  of  the  guides,  the  counter* 
rfficieticy  of  the  piaton-rud  head  will  be  nearly 

.->*-^. w 

The  mean  ratio  borne  fay  the  total  force  (T)  exerted  aloiig  the 
eonncicting-rod  to  ita  direct  component  (P)is  tie«r1yu  fbllowt:^ 

T  e 

P  "    ^(c*-U-617f«)' ^^* 

and  tbe  ajile-friction  of  the  crank-shafl  ia  incKssed  neuiy  in  tlnit 
ntko,  beyond  what  it  would  be  if  tlie  obliquity  of  the  oonnecting- 
Kod  werv-  invensible.* 

fmr  C.  F.  Him  (Cdnur,  1SG3).  Bfabawz.  CMulnuiioruUlin  fur  lla»- 
ti,*r*t«M  (BniuiKhwci;^  1354  to  ISCS),  ■  3Zi  to  M2. 

*  TIm  dkct  Mlatioti  of  th«e  yinti-iw  i*  giTen  b;  lbs  ud  uf  cUiptie 
fc— ^«*»;  bet  for  pnctiol  pmpoHi  Um  >|niiiiiiiiii<e  adstMO  ia  Um  wst 
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PAET  IIL 

MATERIALS,  CONSTRUCTION,  AND  STRENGTH  OF 

MACHINERY. 


CHAPTER  L 

OF  MATERIALS  USED  IN  ICACHIHBRT. 

385.  Goicnii  EzpUumitoM. — ^The  materials  med  in  maduneiy 

are  of  two  principal  kinds — ^inorganio  and  oinnio. 

The  inorganic  materials  consist  almost  ^wliolly  of  metals;  for 
although  stony  and  earthy  materials  occur  in  the  foundations  of 
fixed  machines,  and  in  houses  which  contain  machinery,  they 
are  little  used  in  machinery  itself. 

The  organic  materials  consist  chiefly  of  wood,  of  v^etable  and 
animal  fibre  in  the  form  of  ropes  and  bands,  and  of  indian  nhber 
and  gutta  percha,  and  a  few  miscellaneous  substances. 

The  present  chapter  gives  a  summary  of  those  properties  of 
materials  upon  which  their  use  in  machinery  and  millwork 
depends;  and  it  is  necessarily  to  a  great  extent  identical  with 
those  parts  of  A  Manual  of  Civil  Engineering  which  treat  of  the 
same  materials. 

Section  I. — Of  Iron  and  Steel. 

38f).  Kinds  of  Iron  umd  SieeL — The  metallic  products  of  the  iroo 
manufacture  are  of  three  principal  kinds — malleable  iron^  eael  itm, 
and  steel.  Malleable  iron  is  pure  or  nearly  pure  iron.  C^ut  iron  ■ 
a  granular  and  crystalline  compound  of  iron  and  carbon,  more  or 
less  mixed  with  uncombined  carbon  in  the  form  of  plambtga  I^ 
is  harder  then  pare  iron,  more  brittle,  and  leas  toaglu  Sleel  s  s 
compound  of  iroa  with  less  carbon  than  there  is  in  cast  izon;  iitt 
harder  than  cast  iron,  and  tougher  than  wrought  iron,  thoog^  k* 
ductile ;  and  it  is  the  strongest  of  all  known  substanoes  fir  ^ 
dimensions.  It  is  also  the  strongest  of  all  metals  for  iU  weigii,' 
but  in  the  comparison  of  tenacity  with  weight,  steel  and  all  metils 
arc  exceeded  by  many  kinds  of  organic  fibre.  There  are  tauif 
intermediate  gradations  between  pure  iron  and  the  hanlnst  sMl 
some  of  which  are  known  by  such  names  as  *' steely  iron" 
**8emi-steeV* 


IMPIRITIES  OP  IROS — CAST  IHOS. 

387.  ■(■rinitiM  ar  ma. — The  strength  and  other  good  qnfilitieB 
of  iron  and  steel  depend  mainly  on  tbo  abnenee  of  impuritie!i,  and 
cspecinlly  of  sulphur,  phoHphorus,  silicoa,  calcium,  und  magneaium. 

Sulphur  and  calciuni,  and  probnblj  also  mngneainm,  make  iron 
"red-skcrt"  that  is,  brittle  at  a  red  heat;  phosphonis  and  silicon 
make  it  "  eolil-ihorl,"  that  is,  brittle  at  toir  tempera turea.  These 
lire  both  wrioiis  defects;  bnt  the  latter  is  the  worse. 

Sulphur  conips  in  general  from  coal  or  cofce  used  as  fuel.  Ita 
jiernicious  efi'ecta  am  be  avoided  idtc^ther  by  nsing  fuel  which 
contains  no  sulphur;  and  hence  the  ntrongest  and  toughest  of  all 
iron  is  that  which  ia  sraelted,  reduced,  and  puddled  either  witJi 
charcoal,  or  with  coke  that  is  free  from  sulphur. 

Phetpkorut  comes  in  most  cases  from  phosphRte  of  iron  in  the 
on,  or  from  phosphate  of  lime  in  the  ore,  the  fue),  or  the  flux.  Th© 
ores  which  contain  most  phosphorus  are  thoae  found  in  strata 
where  animal  remains  abound. 


CdJcrum  and  Silieon  are  derired  respectively  from  the  dccom- 
poidtion  of  lime  and  of  uilica  by  the  chemical  affinity  of  carbon 
for  their  oxygen.  The  only  iron  which  is  entirely  freu  fiom  those 
impnrities  ia  that  which  is  made  by  the  redaction  of  ores  that 
contain  neither  silica  nor  lime :  such  as  pura  magnetic  iron  ore, 
pure  hnmatitc,  and  pure  sjiarry  iron  ore. 

3dS,  Cbm  ina  is  tb«  product  of  tlio  process  of  tmelUng  iron 
ores.  In  that  process  the  ore  in  fragments,  mixed  with  fuel  and 
with  flux  (that  i»  to  say,  with  a  substance  such  as  lime,  which 
tends  to  combine  with  the  earthy  constitaenta  of  the  ore),  is 
•objected  to  an  intense  heat  in  a  blast-furnace,  and  the  products 
•re  dag,  or  glassy  matter  formed  by  the  combination  of  the  flux 
with  the  earthy  ingredients  of  the  ore,  and  pig  iron,  which  ia  a 
Gam]M>und  of  iron  and  carbon,  cither  unmixed,  or  mixed  with  a 
small  quantity  of  uncombinod  carbon  in  a  state  of  plumbago. 

The  ore  ia  often  roaJited  or  calcined  before  being  smelted,  in 
order  to  exi>e]  carbouic  acid  and  water. 

The  total  quantity  of  carbon  in  pig  h:on  ranges  from  two  to  fivA' 
per  cent  of  its  w^ht 

Different  kinds  of  pig  iron  are  produced  from  the  same  oro  in 
tliu  same  furnace  under  difierent  circumstances  as  to  temperature 
mad  quantity  of  fueL  A  high  temperature  and  a  large  quantity  of 
fii«l  nnxluce  i/rat/  coat  iron,  which  is  further  distinguished  into 
Wol  !,  No.  3,  No,  3,  and  so  on;  No.  1  being  that  produced  at  the 
htg}icst  temperature.     A  low  temjicnLture  and  a  doflctenoy  of  foal 

IiTodnce  v>k\U  east  iron.     Gray  cast  iron  ia  of  difi«i«nt  ahadea  of 
'luiah-gray  in  colour,  granular  in  texture,  softer  and  more  easily 
fnsible  tliao  whit«  cast  iron.     White  oast  iron  is  silvery  whJt^ 
rithcr    granular  or  crystalline,  compArativvly  difficult  to  malt^ 
fatitUe,  and  excessively  hard.  "* 


452  MATERIALS,   COKSTRUCTION,  AND  STBENGTH. 

It  appears  that  the  differences  between  those  kinds  of  iron 
depend  not  so  much  on  the  total  quantities  of  carbon  which  they 
contain  as  on  the  proportions  of  that  carbon  which  are  respec- 
tively in  the  conditions  of  mixture  and  of  chemical  combination 
with  the  iron.  Thus,  gray  cast  iron  contains  one  per  cent,  and 
sometimes  less,  of  carbon  in  chemical  combination  with  the  iron, 
and  from  one  to  three  or  four  per  cent,  of  carbon  in  the  state  of 
plumbago  in  mechanical  mixture ;  while  white  cast  iron  is  a  homo- 
geneous chemical  compound  of  iron  with  from  two  to  four  per  cent, 
of  carbon.  Ot  the  different  kinds  of  gray  cast  iron,  Na  1  contains 
the  greatest  proportion  of  plumbago.  No.  2  the  next^  and  ao  on. 

There  are  two  kinds  of  white  cast  iron,  the  grcmndar  and  the 
crystalline.  The  granular  kind  can  be  converted  into  gray  cast 
iron  by  fusion  and  slow  cooling ;  and  gray  cast  iron  can  be  con- 
verted into  granular  white  cast  iron  by  fusion  and  sadden  cooling 
This  takes  place  most  readily  in  the  best  iron.  Oiystalline  white 
cast  iron  is  harder  and  more  brittle  than  granular,  and  is  not 
capable  of  conversion  into  gray  cast  iron  by  fuaon  and  slow 
cooling.  Gray  cast  iron,  No.  1,  is  the  most  easily  fusible,  and 
produces  the  finest  and  most  accurate  castings;  but  it  is  deficient 
in  hardness  and  strength;  and  therefore,  alUiough  it  is  the  best 
for  castings  of  moderate  size,  in  which  accuracy  is  of  more  impor- 
tance than  strength  and  stifiness,  it  is  inferior  to  the  harder  and 
stronger  kinds.  No.  2  and  No.  3,  for  pieces  requiring  great  strength 
and  stiffness. 

The  presence  of  plumbago  renders  cast  iron  comparatively  weak 
and  plmble,  so  that  the  order  of  strength  and  stifi^nees  am<»ig 
different  kinds  of  cast  iron  from  the  same  ore  and  fuel  is  as  fol- 
lows : — 

Granular  white  cast  iron. 
Gray  cast  iron,  No.  3. 
„        „        No.  2. 
„        „         No.  1. 

Oiystalline  white  cast  iron  is  not  introduced  into  this  daanfici- 
tion  because  its  extreme  brittleness  makes  it  unfit  for  use  in 
machinery. 

Granular  white  cast  iron,  also,  although  stronger  and  hankr 
than  gray  cast  iron,  is  too  brittle  to  be  a  safe  material  for  the 
entire  mass  of  any  piece  in  a  machine  that  is  exposed  to  sho^: 
but  it  is  used  to  form  a  hard  and  impenetrable  «Un  to  a  piece  of 
gray  cast  iron  by  the  process  called  chilling.  This  ootisists  ia 
lining  the  portion  of  the  mould,  where  a  hardened  sarfiioe  it  re- 
quired, with  suitably-shaped  pieces  of  iron.  The  melted  me(al»  oa 
being  run  in,  is  cooled  and  solidified  suddenly  where  it  too^ei  tbe 
cold  iron;  and  ior  a  oonrtam  de^  from  the  chilled  waxbob^  taiyiiV 


i 
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if  iroD,  it  t&kaa  the  white 
r  of  tlie  casting  takes  tha 


fi-om  Jtb  to  i-inch  in  different  kinds  c 
granular  condition,  while  the  remaiode 
grajr  condition. 

Even  in  castinga  which  are  not  chilled  by  an  iron  lining  to  tho 
mould,  the  DUt«rmoat  layer,  being  cooled  more  rapidly  than  the 
interior,  approaches  more  nearly  t«  the  white  condition,  and  forms 
a  tkitt,  harder  and  stronger  than  the  rest  of  the  casting. 

A  strong  kind  of  cast  irou  called  tow/htned  etut  iron,  is  pro- 
duced by  the  process  invented  by  Mr.  Morries  Stirling,  of  adding 
to  tlie  cast  iron,  and  melting  amongst  it,  from  one-fourth  to  one- 
seventh  of  its  weight  of  wrought-iron  acrap. 

Mailtabh  Coat  Iron  is  mado  by  tlie  following  procosa : — Tho 
castings  to  be  mado  malleable  are  imbedded  in  the  powder  of  red 
hematite  (which  consists  almost  whoUy  of  peroxide  of  irou) ;  they 
are  then  raised  to  a  bright  red  heat  (whioh  occupies  about  24 
hours),  maintained  at  that  heat  for  a  period  varying  from  three  to 
five  days,  according  to  the  size  of  the  casting,  and  allowed  to  cool 
(which  occupies  about  24  hours  more).  The  oxygen  of  the  luema- 
tite  extracts  part  of  the  carbon  from  the  cast  iron,  which  is  tbna 
oonverUd  into  a  sort  of  soft  steel;  and  its  tenacity  (according  to 
experiments  by  filessrs.  A.  More  &  Son)  liecomes  about  three  times 
that  of  the  original  cast  iron. 

3S9.  The  sireagth  »f  01  !»■  of  every  kind,  like  that  of 
gisnnlar  substances  in  general,  is  marked  by  two  properties;  the 
smallness  of  the  tenacity  (which  is  on  an  average  about  16,000  or 
16,000  lbs.  on  the  square  inch)  as  compared  with  the  resistance  to 
crushing  (which  ranges  from  80,000  to  110,000),  and  the  different 
TBlnes  of  the  stress  immediately  before  rupture  of  the  same  kind  of 
iron  in  bars  torn  directly  asunder,  and  in  beams  of  different  forms 
when  broken  serosa 

For  the  results  of  experiments  on  the  strength  of  various  kinds 
of  cast  iron,  see  the  tables  of  the  following  chapter. 

The  strength  of  cast  iron  to  resist  cross  breaking  was  found 
by  Mr.  Pairbaim  to  be  increased  by  repealed  m^ings  up  to  th« 
UeeljiA,  when  it  was  greater  than  at  first  in  the  ratio  of  7  to  5  nearly. 
AAer  the  twelfth  melting  that  sort  of  strength  rapidly  fell  off. 

The  resistance  to  crushing  went  on  inereaaing  after  each  succes- 
Kve  melting;  and  after  the  eighteenth  melting  it  was  double  of  ita 
original  amount,  tho  iron  becoming  silvery  whit«  and  intenMly 
banL 

The  transTerse  strength  of  No.  3  cast  iron  was  found  by  Mr, 
Fairhaini  not  to  be  diminished  by  raising  its  temperature  to  GOO" 
Fahr.  (being  about  tho  temperature  of  melting  lead).  At  a  red 
heat  its  strength  fell  to  two-thirda 

3^0.  ca«iBc>  (iar  MtttUnrwr- — The  best  course  for  an  engineer 
to  take,  in  order  to  obtain  cast  iron  of  a  certain  strength,  is  not  ti> 
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specify  to  the  founder  uxy  paitionlar  kind  or  mixture  of  ]^  iroot 
bat  to  specify  a  certain  mipjmnm  itrengih  i^iich  the  iron  should 
show  when  tested  by  experiment. 

As  to  the  appeanmoe  of  good  iron  for  castingSy  it  shonld  have 
on  the  oater  surface  a  smooth,  dear,  and  oontumons  akm^with 
regular  feces  and  sham  angles.  When  broken,  the  suifiLoe  of 
fracture  should  be  of  a  light  bluish-gray  colour  and  dose-grained 
texture,  with  considerable  metallic  lustre;  both  colour  and  texture 
should  be  uniform,  except  that  near  the  skin  the  colour  may  be 
somewhat  lighter  and  the  grain  doser;  if  the  fractured  surface  is 
moUled,  either  with  patches  of  darker  or  lighter  iron,  or  with  djstal- 
line  spots,  the  casting  will  be  unsafe;  and  it  will  be  still  more  unsafe 
if  it  contains  aiz^bubbles.  The  iron  should  be  soft  enough  to  be 
slightly  indented  by  a  blow  of  a  hammer  on  an  edge  of  the  casting. 
When  cut  by  tools  of  different  kinds,  the  iron  should  show  a 
smooth,  compact,  and  bright  sur&ce,  free  from  bubbles  and  other 
irregularities,  of  an  uniform  odour,  and  capable  of  taking  a  good 
polish. 

Castings  are  tested  for  air-bubbles  by  ringing  them  with  a 
hammer  all  over  the  surface.  • 

Cast  iron,  like  many  other  substances,  when  at  or  near  the 
temperature  of  fusion,  is  a  little  more  bulky  for  the  same  weight 
in  the  solid  than  in  the  liquid  state,  as  is  shown  by  the  solid  iran 
floating  on  the  melted  iron.  This  causes  the  iron  as  it  solidifies  to 
fill  all  parts  of  the  mould  completely,  and  to  take  a  shaxp  and 
accurate  figure.  The  solid  iron  contracts  in  cooling  from  the 
melting  point  down  to  the  temperature  of  the  atmoqihere,  by 
about  one  |)er  cent  in  each  of  its  linear  dimensions,  or  an&^ightk 
of  an  inch  in  a  foot  iiearly;  and  therefore  patterns  lor  castings 
are  made  larger  in  that  proportion  than  the  intended  pieces  of 
cast  iron  which  they  represent 

The  rate  of  linear  expansion  of  cast  iron  between  the  freeiing 
and  boiling  points  of  water  is  about  'ooii  i. 

A  convenient  instrument  in  making  patterns  for  castings  is  a 
eontrotction-rale ;  that  is,  a  rule  on  which  each  division  is  longer 
in  the  proportion  already  mentioned  than  the  true  length  to  wluoh 
it  corresponds. 

In  designing  patterns  for  castings,  care  must  be  taken  to  avoid 
all  abrupt  variations  in  the  thickness  of  metal,  lest  paiti  of 
the  casting  near  each  other  should  be  caused  to  cool  and  contnd 
with  unequal  rapidity,  and  so  to  split  asunder  or  overslnun  the 
iron.  It  is  advantageous  also  that  castings,  especimliy  tbots  Ibr 
moving  pieces  in  machinery,  such  as  wheels,  should  ha  of  sfv- 
metrical  figures,  or  as  nearly  so  as  is  consistent  with  tiMir  umpoM^ 
in  order  that  they  may  have  no  tendency  to  become  diatoied  wbik 
cooling. 
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CAST  UON — 1IAIJ.KJBI.K  OOS. 

Iron  becomes  more  compact  and  aoimd  by  being  cast  undor 
]>rL'8aure;  and  hence  cafit-iron  cjUnders,  pipes,  columns,  eha(l>i.  1 
and  the  like,  arc  Hlronger  when  cast  in  a  vertical  than  In  a 
liurizontal  poeition,  uud  stroDger  still  when  ]iroiided  with  a  HeO'I, 
vr  additional  colunrn  of  iron,  whose  weight  serves  to  comprosa  thu 
OWM  of  iron  in  the  mould  below  it.  The  air-bubbles  ascend  and 
ooUsot  in  the  bead,  which  is  broken  off  when  the  casting  is  cooL 

Can  should  be  taken  not  to  cut  or  remove  the  skin  of  a  piec« 
«/  cut  iron  moro  than  is  absolutely  neceasaiy,  at  those  points 
witm  the  Btrew  is  iat«iiHe.  lu  order  that  this  rale  may  bo  carried 
out  in  pieces  (such  as  toothed  wheels)  which  are  shaped  to  an 
accurate  figure  by  cutting  or  abrading  t«ols,  care  should  he  taken  to 
make  them  aa  nearly  as  practicable  of  the  true  figure  by  casting 
alone,  so  that  the  depth  of  skin  to  bo  cut  away  may  be  as  small 
asponiUc. 

391.  WNntki  ar  nailcakic  ina  111  its  peifuct  condition  is  sim- 
ply pure  iron.  It  falls  short  of  that  perfect  condition  to  a  greater 
or  less  extent  owing  to  the  presence  of  impurities,  of  which  the 
niiiet  common  nud  iujurions  have  been  mentioned,  and  their  effects 
■tated,  in  Article  397,  ]Mgo  iHl;  and  its  strength  is  in  general 
gnabv  or  less  acoordiag  to  the  greater  or  leas  purity  of  the  ore 
■ad  (nel  emplojred  in  its  manufacture; 

Blalleable  iron  may  bo  made  either  by  direct  reduction  of  the 
Ate  or  by  the  afa«tnctiou  of  the  carbou  and  various  impurities 
fraia  pig  iron,  mainly  1^  means  of  oxygen.  The  latter  is  the 
tnorv  commou  process ;  and  tlie  ordinary  method  of  carrying  it  on, 
by  Ktiiring  thu  iron  in  a  reverbcratory  furnace^  is  called  puddling. 
The  oxygen  which  carries  off  the  carhon  in  the  process  of  iniddling 
I  partly  from  the  air  and  partly  from  a  bed  of  cinder  and 
of  iron,  called  the  /dUiitg,  with  which  thu  bottom  of  the 
fnmace  is  covered.  The  biovm,  or  lump  of  iron  drawn  from  tlio 
paddling  furnace,  is  hammered,  to  drive  out  the  cinder  with  which 
it  is  mixed — a  compound  of  tdiica  aud  iH^toxido  of  iron ;  it  is  then 
nlied  into  bars,  which  are  cut  into  lengths,  fiigotted  into  bniidles, 
rc-bentcd,  and  re-rolled,  until  bars  are  obtained  of  tlu:  I'cquired 
lUtaensiona.  The  Jibroua  structure  of  bar  iron  is  owing  to  tho 
pnwtt  of  fagotting  and  rolling,  by  which  it  is  mado.  in  Mr. 
IlMBoatcr's  pnict'ss  a  blast  of  air  is  blown  through  the  molten 
iron,  in  a  laigo  vessel  or  retort,  until  tbo  carbon  and  silicon  are 
oxidized  and  rcmovixl. 

Stovogth  and  toughness  in  bai-  iron  are  indicated  by  h  fino, 
loM,  and  uniform  tibrous  structure,  fn<e  from  all  appcamuce  of 
1  cvyatallintion,  with  a  clear,  bluidh-giay  colour  and  silky  lustre 
'  -"O  a  torn  surface  where  the  fibres  arc  sliown. 

FlaU  iron  of  Oie  beat  kind  oonsislji  of  alternate  layers  of  fibres 
[  «cb  other.    It  ihoald  have  a  hard,  smooth  skin,  t 
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-what  glossy,  &nd  when  broken,  slioiild  show  perfect  t 
structure,  and  be  free  from  all  tendency  to  spUt  into  lajers. 

To  examiue  the  internal  structure  of  iron,  wbetber  in  h 
in  plates,  a  i^hoi-t  piece  may  be   notched  on  one  aide,  onrj 
middle,  and  beat  doable.     During  this  proceaa  the  i 
should  not  break ;  and  if  the  iron  gives  way  kt  «U,  ic 
so  by  splitting  oloDg  the  fibres  near  the  bottoDi  of  Um  ■ 
The  fitness  of  bar  iron  for  structures,  machinea,  and  amith 
of  difiei-ent  kinds,  is  tested  by  bending  and  punching  it  eal4> 
by  punching  and  forging  it  hot,  so  us  to  ascertun  whether  it  riM«« 
any  signs  of  brittleness  either  when   cold   or  when  bat  (Oillnl 
"cold-short"  and  "red-short").* 

Malleable  iron  is  diatinguisbed  by  the  property  of  wWcWf :  t*« 
pieces,  if  raised  nearly  to  a  white  heat,  and  pressed  or  '■■■■■■— '^ 
tirmly  together,  adhering  so  as  to  form  one  piece.  In  all  cfcn- 
tions  of  which  welding  forms  a  pai-t,  such  as  rolling  and  (arp»t, 
it  is  essential  that  the  surfaces  to  be  welded  should  be  bciN^ 
into  close  contact,  and  should  be  perfectly  clean  and  fm  bom 
oxide  of  iron,  cinder,  and  all  foreign  matt«r. 

In  all  coses  in  which  several  bars  are  to  be  fagotted  and  ba 
niered,  or  rolled  into  one,  att«ntiou  should  be  paid  to  the  ■nsn^ 
in  which  they  are  "  piled"  or  built  together,  so  that  the  [awr— 
exerted  by  the  hammer  or  the  roUera  may  be  transmitud  tbrosr^ 
the  whole  mass.  If  this  be  neglected,  the  finished  bar.  ;^'- 
other  piece,  may  sjiow  flaws,  marking  the  divisioiu  U  :  - 
bars  of  the  pile. 

Wrought  iron,  although  it  b  at  first  made  more  ; 
strong  by  reheating  and  hammering,  or  otherwise  work.:_, 
reaches  a  state  of  maximum  strength;  after  which  all  rr-tira: 
and  working  rapidly  make  it  weaker.  Good  bar  iron  huinfi 
eral  attained  its  maximum  strength;  and,  therefore,  in  all  (^ 
tions  of  forging  it,  whether  on  a  great  or  small  scalft  Ww 
steam -hammer  or  by  that  in  the  hand  of  the  blacksmilL  ^ 
desired  size  and  figure  ought  to  be  given  with  the  least  pa^ 
amount  of  reheating  and  working.  , 

It  is  of  great  importance  to  the  strength  of  all  pieoas  rf  ^Q"  J 
iron  that  the  eontiniaiyo/Ouij^ires  near  the  surface  slio«UI>*A 
little  interrupted  as  possible;  in  other  words,  that  the  filM^I 
the  surface  should  lie  in  layers  parallel  to  the  snrfac&t 


imlraJty  nvnlatioiiH,  reference  may  be  made  to  CnapM 
•nShipbiuiding.'byi^.i.  Beed,  Esq.,  C.&,  CluofCoaO.— 

Itoyft\  Navj. 

t  On  t\usBuVl«iiA,ti«i.Y»,'9er  by  the  Author  of  this  work,  is  tt«^ 

injfj  of  tht  JnMUulum  0/  CioU.  Enguwenltn  IMa     See  also  th*  **■■ 
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Another  important  principle  in  designing  pioces  of  forgnd  iron 
vhich  arc  to  aiurtain  ahocka  and  vibrations,  is  to  avoid  u  muuh  u» 
possible  abnipt  variations  of  diinonuionii,  and  angular  flgiirCM, 
especially  those  with  re-entering  angles;  for  at  tho  |ioints  whcrB 
such  abnipt  variation!)  and  angles  c«cur,  fractnrcH  nro  apt  to 
commence.  If  two  parts  of  a  shaft,  for  example,  or  of  n  beua 
exposed  to  shocks  and  vibrations,  are  to  bo  of  difli-Teut  tliicknewwa, 
the^  tihoiild  be  (.-onnected  by  means  of  curved  Durfaces,  so  that  tho 
choiige  of  thickness  may  take  place  gradoally,  and  without  re- 
entering angles. 

311^.  Bttri  BBd  Btcdr  ■>«■. — St«el  is  a  crjm]K>und  of  iron  witb 
from  0-5  to  1  -5  per  cent  of  its  weight  t>{  carbon.  Tlienc,  accurdlng 
to  iDoet  aathoritiea,  are  the  only  essentia]  conatitoenta  of  cteeL 

The  term  "steely  iron"  or  "Bemi-steel"  may  bo  appliMl  to 
compotinds  of  iron  with  Icm  than  0-5  per  cenL  at  carbon.  Tbcj 
are  intermediate  in  bardaess  and  other  propertiea  between  itwl 
mad  malleatde  iron. 

In  general  itach  compounds  are  the  harder  and  the  stronger,  mad 
also  the  more  eanly  fnable,  the  more  carbon  thny  contain.  TboM 
kinds  which  contain  ksa  carbon,  thongh  weaker,  are  mora  Muilj 
welded  and  &Mged,  and  froB  Uieir  greater  ^iabilitj,  are  tbe  fitter 
for  pieces  tfaat  are  txpoatJ  to  sbocka 

ImparTtieB  t)C  difliereBt  kiada  a&et  sted  iajmtmij  to  tk»  nas 
way  wtta  tnn- 

Tbrrv  aic  oertain  tmtifa  aniwiaiiwa  vUek  hm<n  m  \ 
efieet  on  steeL  One  ifiOOth  part  at  ita  «t%llt  of  Meo 
iitolt«n  ated  to  mol  and  mBtBtj  with  '  '  "" 
bat  a  laiMr  [iPuyualiuQ  ia  mot  to  he  n 
rtedbnttSe.  The  pif  apB  <rf  waiya 
daetton  into  fta  cradlla  «r  vmmI  in  wbkk  itad  iaaada,  iMfviM 
tfceatarfbygiiiiaasftila*  ^fciii  i  and  awkias  i«  «Mir  to  wald 
aad  forge. 

Steel  (9  liiiliagdiiri  h^  tha  piuyuty  at  ItmfanMy;  t^t  ii  I* 

—^  ..  -_  .., t. ■■■■■« .^—jj ^*^' *^ith  inaiiiniBia 

aad  aoAesed  hy  pidail  aaafiag;  sad  ila  d^aa  of  'i   i| m 

•AneM  fM  ha  niliiilwidi  |iiiiiliii  ty  ll  »j  fttkg  Ifafc 
Itaxnfanc  TW  iiKaaij  jmtiw  K  to  Ubk  «  ««i3w  «f 
McJloa  M^dtyaaaTl  ift  I  tfmUtm  mJn^mAikmtm 
■oftcB  them  aeaaar  lis  Wombs  *■■■■  *■•*«■•«••••  «^A 
«  tte  kipbvtkasi«ir*fe«tfato«*toh»Mir»rkl^ 
'Sum  com  van padaaOy.    Hw «leMMi«  «r  ^MMaaisa  mm^Km 

«r .«—  i-«k   ---  fc_ 4jr ■» iir v^^     '  ^afw^ 
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Steel  18  made  by  varioos  prooeeaeBy  -which  lutve  oi  late  become 
Texy  iuimeToa&  They  may  all  be  daseed  imder  two  heada — yxl^ 
adding  carbon  to  malleable  iron,  and  abstnbcting  caxbon  from  cast 
iron.  The  former  dase  of  proceeses,  though  the  mofe  complex, 
laborioQSy  and  expensive,  is  preferred  for  making  steel  ioie  catting 
tools  and  other  fine  purposes,  because  of  its  being  easier  to  obtain 
malleable  iron  than  cast  iron  in  a  high  state  of  purity.  The  latter 
class  of  processes  is  well  adapted  for  making  great  masses  of  steel 
and  steely  iron  rapidly  and  at  moderate  expense.  The  following 
are  some  of  the  different  kinds  of  steel,  and  the  processes  by  which 
they  are  made : — 

BHeUr  SM  is  made  by  a  process  called  **  oem/tnMionn^  which 
consists  in  imbedding  bars  of  the  purest  wrought  iron  (such  as 
that  manufactured  by  charcoal  from  magnetic  iron  ore)  in  a  layer 
of  charcoal,  and  subjecting  them  for  several  days  to  a  high  tem- 
perature. Each  bax  absorbs  carbon,  and  its  surface  becomes 
converted  into  steel,  while  the  interior  is  in  a  condition  interme- 
diate between  steel  and  iron.  Cementation  may  also  be  performed 
by  exposing  the  surface  of  the  iron  to  a  current  of  carburetted 
hydrogen  gas  at  a  high  temperature.  Cementation  is. sometimes 
applied  to  the  surfaces  of  articles  (^  malleable  iron,  in  order 
to  give  them  a  skin  or  coating  of  steel,  and  is  called  ''oue- 
hardeningy 

Shear  Steel  is  made  by  breaking  bars  of  blister  steel  into  lengths, 
making  them  into  bundles  or  fagots,  and  rolling  them  out  at  a 
welding  heat,  and  i*epeating  the  process  imtil  a  near  approach  to 
uniformity  of  composition  isA  texture  has  been  obtainod.  It  is 
used  for  various  toK)l8  and  cutting  implements. 

Cast  Steel  is  made  by  melting  bars  of  blister  steel  in  a  crucible, 
along  with  a  small  additional  quantity  of  carbon  (usually  in  the 
form  of  coal-tar)  and  some  manganese.  It  is  the  purest,  most 
uniform,  and  strongest  steel,  and  is  used  for  the  finest  cutting 
implements. 

Another  process  for  making  cast  steel,  but  one  requiring  a 
higher  temperature  than  the  preceding,  is  to  melt  bars  of  the 
purest  malleable  iron  with  manganese,  and  with  the  whole 
quantity  of  carbon  required  in  order  to  form  steeL  The  quality 
of  the  steel,  as  to  hardness,  is  regulated  by  the  proportioii  of 
carbon.  A  sort  of  semi-steel,  or  steely  iron,  made  by  this  proces, 
and  containing  a  small  proportion  of  carbon  only,  is  known  u 
homogeneous  metaL 

The   making  of  large  masses  of  steel  by  adding  the  prapoir 

ingredients  to  liquid  malleable  iron  has  been  much  finffitifitWl  by 

the  use  of  Siemens's  regenerative  furnace,  which  ^n^blfls  a  wttj 

high   temperature  to  Im  kept  up^  with  an  ease  and  eoonony 

iknown  before. 
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SUtt  maa«  hy  Ute  air-blaal  is  produced  from  molten  pig  iron  by 
Jlr.  Beaaemei's  process.  In  the  first  place,  the  carbon  is  removed 
by  the  Kir-bluKt,  «o  tli&t  the  vessel  ia  fuU  of  pure  molleablo  iron  in 
the  nested  state  j  and  then  carbon  is  added  in  the  proper  propor- 
tion, along  with  manganetie  and  ^icon.  The  usual  way  of  adding 
the  carbon  is  by  running  into  the  vessel  a  HufEcient  quantity  of  a 
voDi]xiund  called  "  epiegeldaen,"  conusting  of  liigMy  carbonized 
cast  iron  and  niaugauosc.  The  steel  thus  produced  is  run  into 
large  ingots,  which  are  hammered  and  roiled  like  blooms  of 
witmght  iroa 

Puddled  SUd  is  made  by  puddling  pig  iron,  and  stopping  the 
jirocesB  at  the  instant  when  the  proper  quantity  of  carbon  remfuns. 
The  bloom  is  shingled  and  rolled  like  bar  iron. 

The  bnjketi  surface  of  a  piece  of  steel  shovs  a  mass  of  very 
■mall  crystalline  grains,  finer  than  those  of  cast  iron.  Uniformity 
in  the  size  and  colour  of  the  grains  is  a  mark  of  good  steel ;  and 
the  smoltcr  they  arc,  the  liner  and  the  harder  is  its  quality.  Xn 
fine  cast  steel  Uie  groins  are  so  small  as  not  to  be  se]>aiBtely  distia- 
guishable  by  the  uaked  eye;  and  the  fracture  presents  a  smooth 
but  dull  auiface,  of  an  uniforni  alutc-gray  colour. 

Aa  to  exjiansioD  by  heat,  see  ]iage  32G. 

393.  Hircasfh  af  tfrsMsbi  lra>  Km*  Sterl. — The  numerical  results 
of  experiments  on  the  strengtli  of  wrought  iron  and  steel  will  be 
found  in  the  tables  between  this  chapter  and  the  next. 

Wrought  iron,  like  fibrous  substances  in  general,  is  more  tena- 

aloii};  than  across  the  fibres;  and  its  tenacity,  or  reeistanoe  to 

ing  asunder,  is  greater  than  its  reustauce  to  crashing,  except 

n  in  the  form  of  blocks  whose  lengths  are  leas  than,  or  but 

lIU]e  greater  than,  their  diametara. 

The  ductility  of  wrought  iron  often  causes  it  to  yield  by  degrees 
to  a  load,  BO  that  it  is  di^cuU  to  determine  its  strength  with  pre- 
cisioo. 

Wrought  iron  has  \t*  longitudinal  tenacity  considerably  in- 
creased by  rolling  and  wire-drawing;  so  that  ttio  Emaller  sizea  of 
bars  are  on  the  whole  more  tenacious  than  the  larger;  and  iron 
wire  ia  more  tenacious  still,  aa  is  shown  iu  the  Tablea. 

Wrought  iron  is  weakened  by  too  frequent  reheating  and 
forging;  to  that,  even  in  the  best  of  large  forginga,  tho  tenacity  is 
only  ^out  three-fourths  of  that  of  the  biu^  from  which  the  forgings 
«i>ro  made,  and  aometimrs  even  less. 

The  itrongth  both  of  iron  and  steel  is  injured  by  the  action  of 
tools  which  overatraiu  the  particles  in  the  neighbuurhood  of  tho 
|iartiou  of  material  which  they  remove,  and  eepedaUy  by  poncb- 
ing.     In  the  caae  of  steel,  the  strength  lo«t  throu^  punching  is 

IMrtiaUy,  but  not  wholly,  restored  tr^  atincaling.  The  driUisg  of 
lolea  has  no  such  weakening  effect 
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Plate  iron  b  somewhat  leas  tenadoaa  oroBsviae  tiwn  IcogtliwiBe; 
but  the  differeoce  ought  not  to  exceed  about  one-tenth. 

For  details  aa  to  co-e£Scienta  of  strength  in  iron  and  steel,  refer- 
ence must  be  mads  to  the  tables  of  the  next  chapter;  bat  the 
following  short  table  gives  a  condensed  view  of  the  Taloee  of  the 
tdiimaU  tenacity  which  ought  to  be  shown  bf  really  good  bars  and 
plates  of  ii-on  and  steel,  fit  to  be  used  as  materi^  in  making 
machinery : — 


Iron,  large  forgings, from  40,000  18 

to  So,ooo  35 

Iron  Plates,  lengthwise, teora  50,000  35 

to  60,000  43 
Do.       crosswise,  at  least  90  per 
cent,  of  tenacity  lengthwise. 

Iron  Bars  and  Aods, from  55,000  39 

to  65,000  46 

Do.,    rivet  iron,  at  least, 60,000  41 

Iron  Wire, 90,000  63 

Mild  Steel, from  70,000  49 

to  90,000  63 

Hard  Steel, from  90,000  63 

to  r  10,000  77 

Hardest  Cast  Steel, 130,000  91 

It  is  highly  important  also  that  the  iron  and  steel  of  whid 
pieces  exposed  to  shocks  and  vibrations  are  to  be  made  ahoDld 
possess  tmighmsi;  and  this  may  be  tested  W  obaerving  m  wAoJ 
proportwn  the  length  of  the  piece  is  incraaeed  at  tke  itutamt  be/are 
bratking.  The  ultimate  elongation  of  really  good  and  toigh 
specimens  of  iron  and  steel,  as  ascertained  in  Hr.  Kiikald/a 
experiments,  was  nearly  as  follows,  in  fiactiona  of  the  origiul 
length : — 

Bar  Iron,  from 0-15    to  0-30 

Plate  Iron,  lengthwise,  from 0-04    to  017 

Do.         crosswise,  from 0'0i5  to  O'li 

Steel  Bars,  from o-og    to  0-19 

Steel  Plates,  from 0^3    too'19 


1  »r  irmL — Continnal  motion,  especially  of  a 

vibratory  kind,  tends  to  prevent  the  rusting  of  iron  \n4  steel  ;* 
hence  most  of  the  moving  pieces  in  nutolmmy  havs  litUa  or  no 

*  See  Mallet,  "  On  fbe  ComMasm  of  Imo,"  in  tlw  Jlnerto  ^  tft  JifcJ 
ils»aeialwn  for  184S  *n4  \a«.  ^^ 


» 


newl  of  any  apecial  meaDS  of  protection,  except  shelter  from  the 
weather  aod  proper  care  in  keeping  them  dean.  But  tbc  frame- 
work of  machines  may  often  require  some  protection  against  cor- 
roaion.  The  corrosion  of  iron  is  a  sort  of  slow  combustion,  during 
which  the  iron  combines  with  oxygen,  and  produces  rust  The 
ordinary  methods  of  preserving  iron  consist  principally  in  prevent- 
ing tlio  access  of  oxygen  to  the  metal. 

Cast  iron  will  often  last  for  a  long  time  without  rusting,  if  care 
l>e  taken  not  to  injure  its  skin,  which  is  usually  coated  with  a  film 
<if  silicate  of  the  protoxide  of  iron,  prodnced  by  the  action  of  the 
sand  of  the  monld  on  the  iron.  Chilled  surfaces  of  castings  are 
without  that  protection,  and  therefore  rust  more  rapidly. 

The  corrosion  of  iron  ia  more  rapid  when  partly  wet  and  partly 
dry,  than  when  wholly  immersed  in  water  or  wholly  exposed  to 
the  air.  It  is  accelerated  by  impurities  in  water,  and  especially 
by  the  presence  of  drcomposing  organic  matter  or  of  free  acid&  It 
is  also  accelerated  by  the  contact  of  iron  with  any  metal  which  is 
electro-negative  relatively  to  the  iron,  or,  in  other  words,  has  less 
affinity  for  oxygen  (such  as  copper),  or  with  the  rust  of  the  iron 
itself.  If  two  portions  of  a  mass  of  iron  are  in  different  condi- 
tions, BO  that  one  has  less  affinity  for  oxygen  than  the  other,  the 
cunloct  of  the  former  makes  the  latter  oxidate  more  rapidly.  Id 
general,  Iiard  and  crystalline  iron  is  less  rapidly  oxidiiblo  than 
ductile  and  fibrous  iron.  Cast  iron  and  steel  decompose  rapidly  in 
warm  or  impnrc  sea-water. 

The  following  are  amongst  the  ordinary  methods  of  preserving 

I.  Boiling  in  coal-tar,  especially  if  the  pieces  of  iron  liave  first 
been  heated  to  the  temperature  of  melting  lead. 

II.  Heating  the  pieces  of  iron  to  the  temperature  of  melting 
lead,  and  smearing  their  surfaces,  while  hot,  witli  cold  Unseed  oil, 
which  dries  and  forms  a  sort  of  varnish. 

III.  Fainting  with  oil  paint,  which  must  be  renewed  from  Ume 
to  time.  The  linseed  oil  process  is  a  good  preparation  for  {joint- 
ing. 

IV.  Coating  with  dnc,  commonly  called  "galvanizing."  This 
ia  efficient,  provided  it  is  not  ex]>osed  to  acids  cajiable  of  dinolving 
the  zinc  ;  but  it  is  destroyed  by  snlphnric  acid  in  the  atmosphere 
of  places  whero  much  coal  is  burned.     It  lostn  well  at  sea. 

Coating  with  tin,  applied  to  thin  sheet  iroa 


Sectios  It. — 0/ Various  MetaU  and  AUofft. 

395.  xibp— TIN— iiMii— ««PFtT. — These  aro  the  metala  which, 
next  to  iron,  occur  most  frequently  in  machinery,  V>\A,  oVw\^\*> 
their  aoftness,  none  of  them  are  suited,  in  &  pure  aVa,\«,l<iT  ln.^»- 
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work  or  for  moving  pieces.  It  id  by  compooBding  than,  ■ 
form  alloys,  thai  Bufficient  hardnefls  is  obtained.  Zima,  ki 
copper  are  used  for  vessels  to  hold  U<]uids  'whid  mnud  i 
iron,  and  for  flexible  tubes;  Einc  and  tin,  aa  alnaulT  mi  ' 
lire  used  for  coating  iron,  to  preserve  it ;  copper,  \».-n  _ 
tenacity  when  rolled  and  hammered,  is  osed  for  tanking  b 
into  wliicli  fiubstances  are  to  be  introduoed  vbioh  winild  be  in- 
juiious  to  iron,  or  be  injnred  by  it;  also  for  mafc-irtg  linti  &r 
leather  driving-belts. 

As  to  the  beavinew  of  those  metals,  see  page*  327,  S38;  at  t» 
their  expansion  fay  heat,  see  pages  326,  327 ;  us  to  tliecr  jrtwaglfc 
see  the  tables  of  the  next  chapter.  Their  mdting  peiabi  ana 
follows : — 

hhnalitfL  CHMlafiat 

Tin, 416"  319* 

Lead, 630 

Zinc, abont  700 

Copper,  about  1550  nboat  1400 

396.  Bnaae  a«a  BnuB  are  the  names  given  to  alloyaof  a,, 
^th  tin  and  with  una     The  name  brata,  in  common  Uii^aijii  i  1 
applied  to  such  alloys  indlBCriminately;    but,  strictly  sfmk 
bronae  is  the  proper  name  of  the  alloys  of  copper  vitb  tiaik 
that  of  the  alloys  of  copper  with  zinc. 

Bronze  is  at  least  equal  to  copjver  in  tenacity,  and  is  oooad 
ably  superior  in  hardness  and  re«ititance  to  crashiDg.    Ei» 
inferior  to  coppei-  in  strength.     Both  bronie  and  bnss  nuke  (i^  I 
castings,  which  quality  is  not  possessed  by  copper.  | 

These  properties  render  bronze  and  brass  (and  e^iecially  Iffw  I 
where  strength  is  required)  suittible  both  for  {nroeworisudtrl 
moving  pieces  in  machinery.  I 

Bronze  is  used,  in  particular,  for  the  bushes  or  bearii^  tif*U 
ing  shal'ta,  because  it  has  the  hardnese  requisite  for  darabili^  ■'I 
at  the  same  time  is  not  so  bard  and  dnnble  as  iron.  ThiiliVj 
qnality  ensures  tliat  the  shall  shall  not  be  worn  by  the  b) 
but  the  bearing  by  the  shajt 

As  zinc  is  cheaper  than  tin,  alloys  of  copper  with  i  _ 
fcnible  to  those  of  copper  with  tin  in  thoae  cases  in  which  il 
and  durability  are  of  secondary  importance. 

The  following  genoral  principle  should  be  observed  ia 
fdCture  of  all  alloys  whatsoever,  as  being  essential  to  the  u 
strength,  and  durability  of  the  compound  metal : — Tk»  f- 
0/  lh«  conttitamta  thotdd  bear  definite  atomic  proporHmu  ■ 
other. 

For  example,  the  chemical  equivalents  of  copper,  t 
lead  bear  to  e<ich  other  the  following  proportktna : — 


iC3 


f                    Capper.                       Tin.                         Zina.  Le*J. 

63s      "*      *S*      'oj 
■nd  tlie  propovtioiui  in  wUicli  tlicy  aro  combined  in  any  »ilaj  should 
M     be  expressed  by  mnltijili-B  of  those  nunjbera. 

Wheu  this  rule  is  not  observed,  the  metal  produced  is  oot  a 
homogeneous  componnd,  but  a  mixture  of  two  or  more  dilTercnt 
compounds  in  irregular  masses,  shown  by  a  mottled  appeuranco 
vheu  broken;  and  those  masses  being  ilifferent  in  expansibUitj 
and  elasticity,  tend  to  separate  from  each  other ;  and  being  different 
in  chemical  composition,  they  proiluce  electric  circuits  and  promote 
corrosion. 

The  following  ia  a  list  of  the  most  useful  alloys  of  copper  with 
tin  and  z' 


Very  hard  bronze. 

Hard  brouzo  for  machinery  bearings. 
Bronze,  or  gun-metal :  contracts  in  cool- 
ing from  its  melting  point,  ijg. 
Sronze  somewhat  softer. 
80ft  bronjo  for  toothed  wheels,  tx. 


Allois  or  Cai-««  *! 

Malleable  brass. 

,  Ordinary  brass  :    meltii.^   ^ ,  . 

)      Fuhr,  :  contracts  in  cooling,  i"i, 
/  Yellow  metal  for  sheathing  and  lasHa- 
9  -a    ■^  ■*  \       iiiga  of  ahqw. 

j  S^ieltcr'Soldcr,  for  brazing  copper  and 


i 


1  alloys  of  copper,  tin,  and  zino  are  used  in  machinery, 
be  regarded  as  modificatiouB  of  true  bronw,  produced  by 
K-bititutjug  one  or  two  equivalents  of  zinc  for  tin.     They  aro  Ita^ 


1ST.  Oiker  aiut*. — The  strongest  of  aH  alloys  yet   known  is 

lium  Bronxx,  as  a  reference  to  the  tables  of  the  strength  of 

'lb  will  show.     Different  sorts  contain  from  5  to  10  per  etnt. 

nJum,  and  from  05  to  00  per  cent,  of  copper;  and  if  31 '5 

aathe  eiju  i  vol  en  t  of  copper,  and  137  as  that  of  aluminium, 

miic  constitution  is  probably  from  8  to  4  (s^uivalenta  of 

I'I'er  to  1  equivalent  of  ala minium. 
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Alloys  of  copper  with  lead,  called  pot-melal,  are  used  for  cocks 
and  vgJveB  where  Btrength  is  uoimportant ;  bat  they  are  weak  and 
brittle ;  and  ia  bronze  for  bearings,  lead  is  an  adulteratiou. 

Soft  MeKd,  or  BabbiKa  MOcU,  consista  of  50  puts  of  tin,  1  ti[ 
copper,  and  5  of  antimony.  It  may  be  conaidered  as  a  sort  of 
metallic  grease.  It  is  oaed  to  make  bearings  for  heavily  loaded 
ehafte,  in  the  following  way: — A  bronze  or  cast-iron  bosh  is  pn- 
pared,  with  a  recess  about  a  quarter  of  an  inch  deep  in  its  beanog- 
sariace,  bounded  at  the  ends  by  ledges,  to  prevent  the  soft  metal 
from  escaping ;  the  soft  metal  in  a  melted  state  is  run  into  that 
recess,  either  round  a  core  of  the  shape  and  size  of  the  jontnal  or 
round  the  journal  itself. 

Soft  Solder,  used  for  soldering  Un-plate,  when  of  tlie  best 
qnality,  is  a  compound  of  4  equivalents  of  tin  to  1  of  lead;  or  by 
weight,  vei7  nearly  2  parts  of  tin  to  1  of  lead.  It  melts  at  3G0' 
Fahr.     Its  ultimate  tenacity  is  abont  7,500  Iba.  on  the  sqoare  inch. 

Section  III. — Of  some  Stony  Materiaii. 

398.  SiMie  BrariaiB  Ar  sbaOs  have  occasionally  been  osed.  Thi- 
natmal  stones  fit  for  this  purpose  are  tho!^  which  are  wholly  free 
from  giittineas,  and  are  somewhat  inferior  in  hardness  to  iron; 
such  as  gypsum,  pure  clay  slate,  pure  compact  limestone  and 
marble,  and  silicate  of  magnesia,  or  soapstoue,  the  last  being  the 
beat.  Stones  containing  crystals  of  quartz,  such  as  nndstone, 
sandy  limestones  and  shites,  &c.,  are  not  suitable.  A  material 
called  adamaa  is  sometimes  used  for  bearings :  it  consists  of  nlicste 
of  magnesia  ground,  calcined,  moulded  by  hydraulic  prownrc  into 
blocks  of  suitable  figures,  and  baked.  The  advantage  of  silicate  of 
nugnesia  consists  in  its  combining  a  certain  greujoen  of  anr&oe 
with  a  degree  of  hardness  sufficient  for  durability. 

SEcnoN  IV, — Of  Wood  and  other  Organic  Mal«rialt. 


e  vT  WHd. — Wood  is  the  material  of  trees  beloi^ 
ing  almost  exclusively  to  that  claas  of  the  vegetable  ItiDgdom  in 
which  the  stem  grows  by  the  formation  of  successive  layen  id 
wood  all  over  its  external  surface,  and  is  therefore  aud  bj  botaaiiti 
to  be  exogenoue. 

The  tissues  of  which  wood  consists  are  dis^gniihed  into  two 
kinds — cdlular  tissue,  consisting  of  clusters  of  minute  cells;  and 
mueular  litsue,  or  woody  fibr«,  consisting  of  bnndlea  of  dander 
tube^  the  latter  being  distinguished  from  the  former  by  its  fibnoi 
appearance.  The  difference,  however,  between  those  two  kindi  <f 
Ciasne,  although  very  distinct  both  to  the  eye  and  to  tbe  toodt,  ii 
really  ona  of  degree  laUier  V^tua  c^  Uad ;  for  tiie  fibnt  or  tabca  cf 
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vaacular  tissue  are  simply  vety  miich  elongated  cells,  tapcriog  to 
pointa  at  the  eudis,  an<t  breaking  joint  with  each  other. 

The  tenacity  of  wood  when  stmined  aJong  the  grain  depends  on 
the  tenacity  of  the  walla  of  those  tubes  or  fibres;  the  tenacity  of 
wood  when  strained  across  the  grain  depends  on  the  adhesion  of 
the  sides  of  the  tubes  and  cells  to  each  other.  Examples  of  the 
difference  of  strength  in  those  different  directions  are  given  in  the 
tables. 

When  a  woody  stem  is  cut  across,  the  cellular  and  vascular 
tissues  are  seen  to  be  arranged  in  the  following  manner : — 

In  the  middle  of  the  stem  ia  the  pith,  competed  of  cellular  tissne, 
inclosed  in  the  Totdullartf  gKeath,  which  consists  of  vascular  tissne 
of  a  particular  kind.  From  the  pith  there  extend,  radiating 
outwards  to  the  bark,  thin  partitions  of  cellnlar  tissue,  called 
medullar}/  rai/s;  between  these,  additional  mcdulkry  rays  extend 
inwards  from  the  bark,  to  a  greater  or  less  distance,  but  without 
penetnititig  to  the  pith. 

When  the  medullary  rays  are  large  and  distinct,  as  in  oak,  they 
are  called  "  nlver  grain." 

Between  tht  medullary  rays  licbundlesof  vascular  tissue,  forming 
the  woody  fibre,  arranged  in  nearly  concentric  rings  or  layew  round 
the  pith,  lu  most  cases  each  ring  ia  the  result  of  a  year's  growth 
of  the  tree.  These  rings  are  traversed  radially  by  the  medullary 
rays.  The  boundary  between  two  successive  rings  ia  marked  more 
or  leas  distinctly  by  a  greater  degree  of  porosity,  and  by  a  difference 
of  hardness  and  colour. 

The  rings  are  usually  thicker  at  that  side  of  the  tree  which  has  had 
most  air  and  sunshine,  so  that  the  pith  is  not  exactly  in  the  centre. 

The  wood  of  the  cntiru  stem  may  be  distinguished  into  two 
parts — the  outer  and  younger  portion,  called  "  sap-wood,"  being 
softer,  weaker,  and  less  compact,  and  sometimes  lighter  in  colour 
than  the  inner  and  older  portion,  called  "  htarl-ioood."  The  heart- 
wood  is  alone  to  be  employed  in  those  structures  and  machines  in 
which  strength  and  durability  are  required. 

The  number  of  rings  of  sii]>-wood  ranges  from  five  to  forty  and 
upwards  in  different  sorts  of  wood,  and  is  greatest  in  trees  of  the 
pine  and  fir  kind. 

The  structure  of  a  branch  is  similar  to  that  of  the  trunk  from 
which  it  springs,  except  as  regards  the  difference  in  the  number  of 
•ODoal  rings,  corresponding  to  the  difference  of  age.  A  branch 
becomes  partially  imbmlded  in  those  layera  of  the  trunk  which  are 
formed  after  the  time  of  its  first  sprouting;  it  causes  a  perfotution 
jn  those  layers,  accompanied  by  distortion  of  the  fibres,  nnd  consti- 
tntee  what  ia  called  a  knot.  (On  various  uiattere  mentioned  in 
this  Article,  see  Balfour's  Man^M^  of  Bcfany,  Part  I.,  chapten 
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40a  CtaHMcMtoa  af  W«M.— For  meobH 
be  classed  aooordiiig  to  the  stractara  of  the  wood ; 
fttriw&ofthfttBtnictaie  in  different  kinds  of  tvMi,  ft  diviakm  into 
two  gn«t  rUim  at  onoe  eiiggests  itadf,  whidt  flxactt;  ODn«poiidi 
wiUi  a  botanical  divinoii,  vie  : — 

PiHB-WooD,  comprising  all  timber  treea  beknging  to  tiie  conh 
ferone  order;  and 

Lkai^Wood,  compriuog  all  other  limber  trees. 

B^ond  this  primaiy  dividon,  the  place  of  ■  bM  in  the  botenicd 

BfBtem  has  little  or  no  connection  wmi  the  stmctim  «f  Ha  timhoL 

In  the  following  table   those  two  great  cIihww  tn  snbdinded 

aocording  to  a  syatem  proposed  hj  Tredgidd,  ibtmded,  in  ttte  fiat 

place,  on  the  greater  or  less  distinetosM  A  tbo  nwdnlkiy  i^s:— 

Cuss  L — ^Fine-Wood.    (Natmal  order  Cotu/mK.) 

Examples:  Kne,  Fir,  lAitsh,  Cowrie,  Tbw,  Oeiat, 
Juniper,  Cjjvees,  &c. 

Class  H — Leaf-Wood.     (Non-coniferons  trees.) 

Divition  1. — With  distinct  large  medollaij  ra7& 

(The  trees  in  this  divimon  fi>im  put  of  tiw 
natural  order  Ammtaoea.) 


Subdivmon  2. — Annual  rings  indistinet. 

£xample8 1:  £eech.  Plane,  Sycanum,  Jcc 

Swinon  2. — Without  distinct  large  modnllaty  laja. 
Svidiruiojt  1. — AtiTnifti  rings  diadnot 

Hxamples :  Chestnut,  Ash,  ttlm,  ^c. 
Svidi»i»ion  2. — Annual  rings  indistinet 

Examples :  Mahogany,  Walnot,  Box,  Teak,  Ona- 
heart)  Hora,  LJgnum-vitR,  ix. 

The  chief  practical  bearings  of  the  fon^oing  iilsMiriialJM  *n 
as  follows : — 

■Pine-vMOf/,  or  coniferons  timber,  in  moat  casss  ■— »«imiw  tonm- 
tioe.  It  is  distinguiafaed  b;  stzai^tnesa  in  tbe  fibre  and  imknW 
in  the  figure  of  the  trees;  qnalitiea  foTOmaUe  to  its  an  for  Isi^ 
pteoea  in  &amewo^  At  tJie  anne  time,  the  liHiaal  adbea^  sf 
the  fibres  is  small,  so  that  it  is  much  more  enBly  Aon  vri  ^ 
along  the  grain,  or  torn  aannder  across  the  gnin,  tkn  krf  ssiil- 
•nd  ia  therefore  less  fitted  to  renst  thmst  w  Aw«i«  itna^v 
•ojrkindaf  stras  that  does  sot  act  alongihe  ttrat  Bim  lb 
tougheab  kindB  ot  'E>\n.«-woD&  bx«  «Nnlj  wrought;  and  tkia  qaiJi^t 


!>. 
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uliiQed  witli  ligtitnesa  and  sWneaa,  makes  certain  1 

deal,  specioUj  well  suited  for  making  patterns  for  large  cartiogB. 
A  peculiar  cliaracteriatic  of  pine-wood  (but  one  whicli  reqnires 
the  microscope  to  make  it  visible)  is  that  of  liaring  the  vascular 
tiwue  "  punetated ;"  that  is  to  say,  there  are  small  lenticular 
hollows  in  the  sides  of  the  tubular  fibres.  This  structure  is  prob- 
ahlj  connected  with  the  smallncsa  of  the  liiteral  adhei^ion  of 
liiOBe  fibres  tc  each  other.  Ptue-wood  is,  on  the  whole,  inferior  to 
Ifiif-wood  for  works  of  carpentry  and  machinery  in  exposed 
Aituatione;  because  the  strong  kinds  (as  pine  and  fir)  are  deficient 
in  dnrability;  and  the  durable  kinds  (as  cedar  and  cyprewt)  aro 
deBcicnt  in  strength. 

tn  Ltaf-teood,  or  non-coniferona  timber,  there  is  no  turpentine. 
The  degree  of  diatinctnesB  with  which  the  structure  is  seen,  whether 
an  regards  medullary  rays  or  annual  rings,  depends  on  the  d^^ree 
of  diflereoce  of  texture  of  different  pniiB  of  the  wood.  Such 
dificrcnoe  tends  to  jn'oduco  unequal  shrinking  in  drying ;  and 
conse<]uently  those  kinda  of  weod  in  which  the  medullary  rays  and 
the  onDoal  rings  are  distinctly  marked,  are  more  liable  to  warp 
than  tliose  in  which  the  texture  is  more  uniform.  At  the  some 
time,  the  former  kinda  of  wood  are,  on  the  whole,  the  more 
flexible,  and  in  niauy  casee  are  very  toiigli  and  strong,  which 
ipialitiea  make  them  Huitable  for  pieces  that  have  to  bear  shocks. 

401.  AppiwvBu  of  a*ad  TiMbe*. — There  are  certain  uppear- 
uncra  which  are  chuiacteriatic  of  strong  and  durable  wood,  to  what 
eliuH  suever  it  belongs.  In  the  same  species  of  wood,  that  specimen 
will  in  general  be  the  strongest  and  the  moat  duralile  wliieh  lias 
grown  tnc  nlow^'st,  as  hIjuhii  by  the  narrowiieas  of  the  annual 


D  the  medullar;  rays  (when  viaibls), 
aliuuld  be  hard  and  compact 

The  vascular  or  fibrous  tissue  should  adhere  firmly  blether,  and 
should  abow  no  woollinees  at  a  Ireshly-cut  surface ;  nor  should  it 
dog  the  teeth  of  the  «aw  with  looae  fibres 

if  tbe  wood  is  coloured,  darkuoaa  of  colonr  is  in  general  a  sign 
of  dtrcngth  and  dumbilitv. 

Tbe  frmhly-cut  surface  of  tlie  wood  should  be  firm  aud  shining, 
and  shotild  liavc  somewhat  of  a  translucent  appeanuioe.  A  dull, 
ch»lky  ai>peaiBnce  is  a  sign  of  bad  timber. 

In  wood  of  a  given  species,  the  heavier  specimens  are  in  gnmul 
tile  strongf  r  aud  the  more  lasting. 

Amongst  reaiuoua  woods,  tlioso  which  have  least  reain  in  their 
porea,  and,  amongst  non-resinons  woods,  those  which  have  least 
mp  or  gum  in  them,  are  in  general  the  strongest  and  most  laat- 

Timber  sliould  be  free  from  such  blemishea  aa  "  cVrf^aJ'  *«  cswwa 
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TadiutiDg  from  the  centre ;  "  cap-ahakea,"  or  cracks  which  putully 
eepaT&te  one  annual  layer  from  another;  "upsets,"  where  uie  fibres 
have  been  crippled  by  conipresaion ;  "  rind-^galls,"  or  woiiuda  in  a 
layer  of  the  wood,  which  have  been  coveted  and  concealed  bj 
the  growth  of  subsequent  layers  over  them;  and  hollow%  ot  spongy 
places,  in  the  centre  or  elsewbero,  indicating  the  commencement  of 
decay. 

402.  BiBBpiH  cr  PiBD-WHd. — The  following  are  a  few  ex- 
amples of  timber  of  this  class : — 

L  Fine  timber  is  the  wood  of  varioas  species  of  the  genns 
J'lma,  the  beat  being  that  of  the  Red  Pine,  or  Scottish  Fir  (Pum 
at/lveeltia),  grown  in  the  north  of  Europe.  This  wood  is  ttiS, 
strong,  and  straight-grained,  and  well  suited  for  Urge  framing. 

Fine  timber  is  also  obtained  from  varioos  other  species,  chiefly 
Kortb  American,  of  which  the  best  are  the  Yellow  Fine  {Pmv 
varuAUia)  and  White  Pine  {Pinu»  Strabvt).  It  ia  eofler  and  le* 
durable  than  the  Red  Fine  of  the  norih  of  Europe,  but  U|^ter,  and 
can  be  had  in  latter  logs. 

Timber  similar  in  its  properties  to  the  best  biuds  of  pine  v 
produced  by  the  Kauri  or  Cowrie  of  New  Zealand  (Z)Muwni 
AvstraliM). 

II.  Whitb  FiK,  or  Deal  timber  of  the  best  kind,  b  the  wood  of 
the  Spruce  Fir  {^Abiea  aecdea),  grown  in  the  north  of  Eiinipe. 

This  is  an  excellent  kind  of  timber  for  light  framing  and  joinen' 
work,  and  is  specially  well  suited  for  making  patt«ms  of  maduuny. 

Amongst  other  kinds  of  spnice  fir  applied  to  the  same  pnrpoM 
are  the  North  American  Whito  Spruce  {Abiet  alba),  and  Bbd 
Spruce  {Aines  nigra). 

403.  BiuaplM  vr  r.es&WMd  whh  I«r«c  Kaym. — L  0.\K  timbn- 
belongs  to  the  first  subdivision  of  Tredgold's  system.  It  is  tbe 
strongest,  toughest,  and  most  lasting  of  those  grown  in  tempente 
climates,  and  is  well  suited  for  framing  in  which  strength,  toogfc- 
ness,  and  durability  are  required;  but  it  has  in  general  the  defat, 
which  ia  a  serious  one  as  regards  machinery,  of  being  sabjwt  ts 
warp.  It  ia  obtained  from  various  species  or  varieties  of  the 
botanical  genus  Qvercug. 

The  wood  of  the  oak  contains  gallic  acid,  which  contribnUs  to 
thu  durability  of  the  timber,  but  corrodes  iron.  Metal  bstcnisp 
for  oak  should  therefore  be  of  copper,  or  ita  alloys;  or,  if  of  irtOi 
they  should  be  well  coated  with  zinc 

The  following  are  examples  of  trees  belonging  to  TredgclJi 
second  subdivision : — 

II.  Beech  {Fagua  ei/lvalica),  common  in  Europe. 

III.  Americau  Plane  (Plaianua  oeewkntaiu),  common  in  Koith 
America. 

IV.  Syoaxokb  (Acer  ptsudo-^lataKu^i^Qilled  Ocwt  Hafiilt, 
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'and  in  Scotland  and  the  north  of  Euglanjd,  Plane;  common  in 
■\VMtera  Europe. 

All  these  afford  compact  vood  of  uniform  texture.  They  are 
v&lnable  for  blocks  vhjch  have  to  resist  a  crushing  force.  They  last 
-well  wlien  constantly  vet  (especially  beech),  but  when  alternately 
wet  and  dry  they  decay  rapidly. 

404.  Enuaple*  •ri.af-Wa^  wUhani  I.w8e  Rut*. — The  examplea 
of  timber  Id  this  Article  belong  to  the  tirst  subdivision  of  the 
second  division  according  to  Tredgold's  ayatem,  having  no  large 
distinct  medullary  rays,  and  having  the  diviBions  between  the 
annual  rings  distinctly  marked  by  a  more  porous  structure.  They 
are  in  general  atrong,  but  flexible;  and  therefore,  in  machinery, 
they  are  suitable  fur  pieces  in  which  the  power  of  bcarjug  shocks- 
is  of  more  importance  than  rigidity. 

I.  The  Asa  {Fraxinus  exceUior)  fumiehea  timber  whose  tough- 
ness and  flexibility  render  it  superior  to  that  of  all  other  European 
trees  for  making  handles  of  tools,  shafts  of  cariiages,  spokes  of 
wooden  wheels,  and  the  like;  but  which  is  not  sufficiently  stiff  and 
durable  to  be  used  in  framing. 

II.  The  common  £lu  (L'biait  oam}f»trui)  and  smooth-leaved 
Elm  {Ulnut  glabra)  yield  timber  which  is  very  durable  when 
constantly  wet,  but  not  when  alternately  wet  and  dry.  Its  strength 
across  the  gmin,  and  its  resistance  to  crushing,  are  comparatively 
great;  ana  these  properties  render  it  ucclul  lor  aonie  ]«rls  of 
mechanism,  such  as  cogs  of  wheels  nnd  shells  of  shiie'  blocks. 
There  are  other  European  B|)ecieH  of  elm,  such  as  the  Wych  Elm 
( l/lmtu  mtmlana) ;  but  their  timber  is  inferior  to  that  of  the  two 
species  named. 

A  North  American  Bpecies,  the  Rock  Elm,  is  said  to  be  not  only 
durable  under  water,  but  straight-grained  and  tough,  so  as  to  bo 
well  suited  for  framing. 

405.  KuBpln  ar  lMl^ir«*d  wllhsM   iMrge  Bar*    c»Mla«c4. — 

The  kinds  of  timber  mentioned  in  thi*  Article  are  examples  of  tho 
MFCond  subdivision  of  Tredgold's  second  division,  hiiving  no  lai'ge 
distinct  mcilullary  rays,  and  no  distinct  difference  of  compactness 
in  the  rings.  This  uniformity  of  stmctnre  is  BCcom)Mitiied  by 
compurntivu  freedom  from  warping)  and  henci^  this  subdivision 
eontaina  various  sorts  of  wood  which  are  specially  well  adaptod 
both  for  framing  and  for  moving  [rieces  in  machineiy,  where  ac- 
curacy and  constancy  of  form  are  re^juired. 

I.  Mauogasv  (Smetenia  ifahagtnti)  is  producwl  in  Control 
Amirica  and  tho  West  India  IslaJids-— that  of  the  former  region 
being  commonly  known  as  "  Bay  Mah<^any ;"  that  of  the  latter,  aa 
"  Spanii'ti  Mahogany."  When  of  good  quality,  it  is  very  stiw^V 
gtaincd,  very  sti-ong  in  all  directions  (though  (;aM\5  s^AVv  »\ott% '^v* 
gmin),  very  durably  and  jneaerves  its  slmpe  vender  v»i.r3'«x|^  ««' 
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stancea  u  to  heivt  and  moisture,  better  Qua  any  dhi 
timber  wliieh  can  be  pmcured  in  equal  abandaMk 
*  a  much  in  quality ;  bay  mabogan;  beii^  m  gRMnl 
Spaninh  mahogany  in  strength,  HtilTnma^  and  di 
vxe  of  the  logs,  which  are  ftoin  £i^  to  48  ii 
mahogany  of  good  quality  is  probably  tite  b«»  of  alt  tii 
framing  of  machinery.  Spanish  mahogany  i>  tba  i 
valued  for  ornamental  purposes.  Spanish  makoguiy 
guished  by  ha\-ing  a  white  ahalky  sabsuim  in  ha  pon 
bay  mah(^ny  being  empty. 

II.  LiOKUH-Tira  {Guaiaram  offidnaU)  in 
India  Islands.     It  is  remarkable  for  heavinesa, 

:ss,  and  hardness,  and  for  the  property  of 
loi'cB  with  nearly  equal  strength  acroai  and 
property  which  nakea  it  specially  vaetal  flw  roUcf^ 
other  moving    pieces  in   mechani«n.      b  ooaver  ' 
sheavex,  the  direction  of  the  tibre  of  the  tinber  ia 
axis  of  the  sheave.     The  heart-wood  is  yellc 
wood  greeniah-yellow ;  and  it  is  consider«l  adriotfafe, 
into  pieces  suitable  for  sheaves,  to  leave  a  ring  o^ 
round  tlie  heart-wood,  which  is  thus  protected  ^>m* 
drjdng,  and  prevented  from  splitting. 

Fropertiea  similar  to  those  of  Lignnn-vitK  are  poaaHd 
wood  (Btixua  sempervirens),  Ebony  {Brya  ebam*,  vaA  «lk 
Mid  species),  Ironwood  {ilmaa.  Nagaha),  and 
chiefly  tropical. 

The  same  subdivision  embraces  various  kinds  of 
ID  tropical  climntea,  which  are  highly  valued  fi 
pooes,  and  which  would  be  suitable  alao  for  tiw  i 
— such  as  the  Teak  {TacUma  grandU)  and  %n]  (J 
India,  and  the  Greciihcart  (.VfrMiruIra   RixHtn),  Man 
al/ia),  and  Sabion  (Aeaeia  praxima)  of  South  Amerin  Md 
Indies. 

406.  Se>M<iiBs. — Seasoning  timber  consiats  in 
as  possible,  the  moisture  whidi  is  contained  in  ita  po>^ 

Natural  Seaaoninq  ia  performed  simply  by  ex|iadag  Iti 
freely  to  tlie  air  in  a  Aty  place,  sheltevvd.  if  poMbfai  '^ 
shine  and  high  winds.     The  ^waaoniog  yard  abonld  ba 
well  drsined,  and   the  timber  supported   on 
bwirers,  and  piled  so  na  to  admit  of  the  free    ' 
all  the  smr&cea  of  the  jiieces. 

Natural  seasoning  to  fit  timber  for  carpenterf 
occapies  about  two  years;  for  joiners'  wot^  and 
four  years;  but  much  longer  periods  are 

To  Bleep  timber  in  water  for  a  fortnighs  nfl 
part  of  the  aap,  and  makes  the  drying  procew 


Artifieial  Seaeouinij  consista  in  diTing  the  limbei- 
meuiB  of  a  cnirest  of  hot  air.     lb  oocupiea  ftoia  save] 
dsja  for  each  inch  of  tbo  thicknesa  of  Uie  piece  of  timber. 

In  the  CDiitse  of  drying,  timber  loses  weight  and  shriiik)!  in  its 
transverse  dimensions.  The  lose  of  weight  ranges  in  different 
Rxamplea  from  6  per  cent,  to  40  ]>er  chiL;  and  the  transverae 
shrinking  &oin  2  per  cent,  to  8  per  cent,  the  moat  common  rate 
being  3  per  cent  The  aorCs  of  wood  which  shrink  most  in 
(Jrying  are  the  most  subject  to  ■warjx 

407.  DnsHIMT'   Decay,  nail    PiwrnuloB  «r  ir**d. — All    kinds 

of  timber  o.w  more  lasting  when  kept  constuntly  dry,  and  at  tlio 
same  time  freely  ventilated. 

Timber  kept  constantly  wet  is  floftened  and  weakened;  but  it 
does  not  necessarily  decay.  Varioiia  kindn  of  timber,  some  of 
irhich  have  been  already  mentioned,  auuh  as  greenhear^  elm  and 
>eech,  possess  great  durability  in  that  coniUtion. 

The  dtnation  which  is  least  favourable  to  the  duration  of  timber 
is  that  of  alteruatc  wetness  aad  dryness,  or  of  n  tJight  degree  of 
iiKMtnre,  eepeciallf  if  accumpauied  by  heat  and  coulined  air. 

Timber  expoaed  to  confined  air  alone,  without  the  presence  of 
any  oonsidorable  quantity  of  moisture,  decays  by  "^ry  rot"  which 
is  iicconipaniod  by  tho  growth  of  a  fungus,  iiud  £uaUy  converts  the 
wood  into  a  fine  powder. 

Amongst  the  most  efficient  means  of  preserving  wood,  are  good 
seaaoiiiug  and  the  free  circulution  of  air. 

Prat«dimi  against  moisture  is  aflbrded  by  oil  paint,  provided 
that  the  timber  is  perfectly  dry  when  first  painted,  and  that  the 
paint  is  renewed  ^ni  time  to  time.  A  coating  of  pitch  or  tar 
may  W  nsed  for  the  same  purpose. 

Protection  against  the  diy  n>b  may  ba  obtained  by  saturating 
the  timber  with  eolulions  of  metallic  salt%  such  as  sulphate  of  iron, 
sulphate  of  copper,  bichloride  of  mercury,  and  chloride  of  zinc. 

Timber  is  protnctt'd  againut  wet  rut,  dry  rot,  and  white  luttd,  by 
saturation  with  the  liquid  called  commermallir  "  ereoaola,"  which  is 
a  kind  of  pitch  oil. 

408.  — — ifc  m4  T*— *  —  — Amongst  different  specimens  of 
timber  of  the  !<nmo  specien,  those  which  are  most  dense  in  the  dry 
state  are  in  general  also  the  strongest. 

Table*  of  the  results  of  experiments  on  the  strength  of  difieront 
kinds  of  timber,  strained  in  vnriouii  ways,  are  givea  in  tlw  sut 
ehaptcr. 

The  following  arc  fame  gi-ncral  remarks  as  to  the  diOennt  wxys 
in  which  the  strength  of  timber  is  eieited : — 

I.  The  Tauidty  along  the  i/rain,  depending,  .is  it  docs,  oa. 
the  tenacity  of  tho  fibres  "f  the  rascnlar  tt?snp,\a  t<tv  ^>ie  '•tV^a 
greatest  in  tbote  kinda  and  pieces  of  wood  in  vhic^  "Cixowt  f^oi^* 
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aflected  B;  tempomy  wetnees  of  the  timber,  bat  b  diminialieil 
by  long-continued  eatutation  with  water.  Mid  by  Bteaming  tad 
boiling. 

The  Tenaeittf  aeroti  the  grain,  depending  chiefly  on  the  latenl 
adhesion  of  the  fibres,  ia  always  considerably  leas  Uun  the  tenaci^ 
along  the  grain,  and  is  diminished  by  webiesB  and  inoeased  t^ 
dzyness.  Yeiy  few  exact  eiiperiments  have  been  mada  npon  ii 
Its  stnallness  in  pine-wood  as  compared  with  leaf-wood  fonu  a 
marked  distinction  between  those  two  classea  of  timber,  the  pro- 
portion which  it  bears  to  the  tenacity  along  Uic  grain  having  bun 
found  to  be,  by  some  experiments — 

In  pine-wood,  from  l-20th  to  l-lOth. 

In  leaf-wood,  from  l-6th  to  I-4th  and  npwards. 

II.  The  ResUtanoe  to  Shtaring,  by  sliding  of  the  fibres  on  each 
other,  is  the  same,  or  nearly  the  same,  with  the  tenacity  across  the 
grain. 

III.  The  Reaittanct  to  Gnahing  along  the  grain,  depending  u 
it  does,  on  the  resistance  of  the  fibres  to  being  crippled,  or  "  upaet," 
and  split  asunder,  is  greatest  when  their  lateral  adhesion  is  grtatMt, 
and  was  found  by  Mr.  Hodgkinson  to  be  nearly  twice  as  great  for 
dry  timber  as  for  the  same  timber  in  the  green  state.  In  most 
kinds  of  timber,  when  dry,  it  ranges  from  one-half  to  two-thirds  of 
the  tenacity. 

Experiments  have  been  made  on  the  crushing  of  timber  actoa 
the  grain,  which  takes  place  by  a  sort  of  aheariiig;  but  they  ban 
not  led  to  any  precise  result,  except  that  timber  in  general  is  both 
more  compressible  and  weaker  against  a  transvene  than  against  a 
longitudiiud  preesure;  and  consequently,  that  inteuae  tnuuvme 
compression  of  pieces  of  timber  ought  to  be  avoided.  Certun 
Bpeoal  kinds  of  timber  are  valued  for  the  property  of  tvmtiiig 
compression  across  the  grain  well  Of  these  the  most  gawrallj 
used  is  lignnm-vitn,  already  mentioned  in  Article  405,  page  470. 

IV.  The  JUodulva  of  Ri^ture  of  timber,  which  expreean  its 
resistance  to  croiis-breakiug,  is  usuallysomewhat  leasthan  its  tMiad^, 
but  seldom  much  less. 

409.  rM  sr  w*«4  )■  mmnhtmtrr- — ^The  following  tabular  v 
rangement  of  the  more  ordinaiy  kinds  of  wood,  according  to  thi 
purposes  in  machinery  to  which  they  are  applicable,  ia  principally 
based  on  a  similar  table  given  by  Holtcapffel  in  his  treatiaa  M 
Mechanioal  Manipulatum. 
Fbavkwork. 

Strong,  stiff,  &im>A«>,  «&d.{tw  &om  warping. 
M.^U)gKn7. 


t 


'  WOOD  IN  UAClllNEBT. 


uid  stmight-grained. 


Btrotig  against  pressurt:. 

Elm  (diiralile  when  wot),  Beech, 
Le?zb3  akd  Conk  ectikq- Ross. 
SttoDg  and  stiff. 

Pine,  Deal,  Mahogany. 


Tough  aud  pliable. 

Ash,  Hazel,  Hickory,  Limcewood. 
PcttETB,  Sheaves,  Bollebs. 

I.iguum-vito',  Box,  Mahogany. 
Beabikgs  fob  Sbafts. 

Box,  Beech,  Holly,  Lignum -vitee.  Elm. 
When  wood  is  used  fur  bearings,  the  ends  of  the  fibres  should  be 
exposed  to  tlie  pressure. 
Coos. 

Crabtree,  Hornbeam,  Locust,  Beech. 
PaTter-vs. 

Deal,  Mahogany,  Pine,  Alder. 
Id  machinery  whose  speed  is  liable  to  be  suddenly  changed  or 
:-iteclced,  it  is  often  useful  to  make  some  of  the  parts  which  tran»- 
nit  the  motion  of  wood,  although  the  whole  of  the  remainder  may 
r  of  iron ;  the  object  being  that  the  wood,  by  yielding  to  n  shock, 
<  ly  prevent  it  from  damaging  the  iron  ;  and  also  that  in  the  event 
Lireakagc  occunin;,'.  it  may  take  place  in  the  wooden  parte,  which 
.1  be  replaced  won;  CHsily  and  at  less  cost  than  the  iron  parts. 
Fur  example,  the  great  spur  Hy-whecl  by  means  of  which  a 
eum  engine  or  a  watei^wheel  drives  the  machinery  of  a  mill  is 
y  gener^Iy  a  mortue-tched ;  that  is  to  say,  a  cast-iron  wheel 
li  rectangolar  sockets  called  niorlieea  in  its  rim,  into  which  are 
*-il  wooden  teeth  called  ci^s.      The  piniun   which   those  teith 
■ve  is  wholly  of  cast  iruiL     Wooden  cop  are  made  double  the 
'kneits  of  cik:»t-iron  teeth  that  liave  to  bear  the  same  pressure. 
.  -^  Qotber  instance  of  the  application  of  the  same  priDvi|ile  U  wh 
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in  a  staun  eogina  that  dawtm  m  inn  nOiag  mill,  ths  middte  put 
of  the  thickness  of  the  connecting-rod,  whiok  faaanaitB  thnu^  i> 
mode  of  wood,  the  tension  being  transmitted  t:^  mouia  of  » 
vronsht-iron  strap. 

409  A.  Vamthaaii,  composed  of  layers  of  paper  perpendicular  to 
the  pressure,  is  sometimes  used  for  bearings  of  ahiAi. 

B>Mc»  CatwB,  Ftai,  ud  aemr-—L  iMUhtr  BtlU. — ^Iha  crdiutT 
material  for  driving-belts  in  maohinary  is  ox-leatiMr  froni  ths 
back  of  the  ammal.  It  is  of  a  nearly  nniform  Uuckness,  rangiss 
from  ^  to  ^  of  an  inch  (from  4  to  6  nulUmttrea).  It  is  b>  be  had 
in  pieces  up  to  4  j  or  5  feet  long,  and  about  8  inchos  bvoad.  The 
several  lengths  of  leather  of  which  a  belt  is  made  an  spliced  and 
cemented  together,  and  foatened  to  each  other  by  meaos  of  pins  or 
livete  of  copper  or  of  soft  brass.  The  two  ends  of  the  belt  are 
conneiTted  with  each  other  by  a  lacing  of  thongs,  or  by  oo[^)er  or 
brass  pins. 

A  belt  is  said  to  be  aingk  or  iJffui^s  according  as  it  is  msdeof  ium 
or  of  two  thicknesses  of  leather. 

The  inside  of  the  leather  is  roogher  thaa  tlie  outside,  and  ia  placed 
next  the  pulleys ;  crossed  belts  beiug  twisted  so  as  to  bring  the 
same  side  of  the  leather  in  contact  with  both  pnQejs  (fie  133,  pace 
182). 

Iisatber  belts,  when  new,  are  not  qnite  of  tha  heaviness  of  water — 
Kay  about  60  lbs.  |>er  cubic  foot;  but  after  having  been  for  some 
time  in  wae,  they  become  thinner  and  denser  by  compression,  sni 
are  then  about  as  heavy  as  water.  The  weight  of  single  beltmg 
may  be  approximately  estimated  as  follows : — 

Per  foot  length  and  inch  breadth, o-oti81K 

Per  square  mitre  of  sur&oe, 4  kilegrxmrnea. 

Tha  following  table  shows  the  resulte  of  enerimoata  by  Ml 
Henry  B.  Towns  on  the  ultimate  tenacity  of  belts,  compared  «ith 
tiie  practical  rule  of  General  Moiin  as  to  their  safe  working  tensMia. 
The  tensions  in  lengths  of  belt  are  oalcolated  Snta  tfte  shon 
estimate  of  the  heaviness. 

The  solid  leathei^ 675  la  io,oeo  3,000 

At  the  rivet-holes  of  the  splices,  381         6-8  S,too  1,700 

At  the  lacing, aio         375  3,100  ffi 

Sati  woRKOta   TBNBiON    (see  1  .            o  «            

page  441), .....}  45         O'S  660  »> 

11.  Ran  Hub  BtUs.— 1b«  '^«<««W  of  tanning  wlaA  naka 
■ther  durable,  iiafun  iha  vfanii^-,  Shik  ^anot^  qf  w  Wi 


^M  OBOANtC  UATEOIALS  FOB   BANDS.  47-5 

being  about  once  and  a  half  that  of  tanned  leather.  Wheu  raw 
bide  )B  nsed  for  belts  or  for  ropes,  it  is  soaked  with  grease  to  keep 
it  jiliable  and  protect  it  against  the  action  of  air  and  moisture. 

in.  Gtdta-Perdta  is  sometimea  used  for  flat  belts.  TUey  are 
luiide  of  the  aame  dimensions  with  leather  belts  for  tranamitting  the 
same  force,  and  are  nearly  of  the  same  weight 

IV.  Wovea  Sells  are  made  of  u  flaxen  or  cotton  iabric ;  a  anffi- 
cicnt  Duniber  of  plies  being  nscd  to  give  a  thicbuesa  equal  to  that 
of  leather  belts,  and  cementi^d  together  with  indian  rubber.  When 
made  of  flax,  they  are  said  to  be  about  three  times  more  tenaciooa 
than  tanned  iitathur  belts  of  tho  same  trauaverKe  dimcnsious. 

Y.  Ropei  and  Cords,  when  of  organic  nksterials,  are  made  of 
leather,  raw  hide,  and  catgut,  and  of  flax,  hemp,  and  other  vege- 
table fibre.  Bound  corda  of  leather  and  of  hide  are  made  by 
twisting  btrijiB  of  those  materials  into  round  strands,  and  spinning 
or  plaiting  those  stranda  into  ropes.  The  ultimate  tenacity,  when 
the  material  is  of  the  best  kind,  may  be  taken,  for  leather,  as  given 
by  the  table  in  the  first  division  of  this  Article '  and  for  raw  hide, 
■i  one  and  a  half  diat  of  leather.  Assuming  the  heaviness,  when 
wdl  twisted,  to  be  equal  to  that  of  water,  this  will  give  the  follow- 
iagretult*}^ 

».™.T..™.      Xi'   "Sr  "S^   "iff 

LeBtbvF, ro.ooo       3,000        i-i^o         a'jfl 

Kaw  Hide rs.ooo      4,500       5,040        3-^4 

Wwrkinij   Termor) — 

(actor  of  safety,  6. 

Leather, ii<>67  500  560         0-39 

Kaw  Hide,.. 3,500  750  840         0-59 

Ilanp,  aa  used  in  ropes,  is  spun,  or  "laid  up,"  with  a  right- 
booded  twist  into  yam*.  Yams  are  laid  up  left-hauded  into 
$tranJ».  Three  stmnds  laid  up  right-handed  make  a  hawser ;  three 
hawseni  laid  up  left-handed  make  a  cabtt.  Hempen  ropes  are 
classed  according  to  the  number  and  arrangement  of  their  Btraada. 
The  following  are  the  commonest  kinds: — 

Hawser-kid  rope, 3  strands; 

Cable-laid  rope  =  3  Iiawsera  twisted  together, 9  stnuids. 

Sfarond-laid  rope  ^  core  or  heart  surrounded  by. 4  Htran<la. 

The  ffirth  squared  is  the  dimension  commonly  employed  in 
Otlculating  the  weight  and  strength  of  hempen  ropes.  The  proof^ 
or  testing  load,  is  given  by  multiplying  the  gtrtli  stiiuinHl  by  one  of 
the  fiuitors  in  the  following  table;  the  breaking  load  isfrom  tWQt«i 
three  times  the  proof  load;  the  working  loai\  la  aXioviX  one-fovMrllk  dl 
Ute  {iroof  load :  that  ia,  about  one-tfuth  o£  tha  \«w.V\i>g\^M&. 
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— S^ 

s£S'"i& 

Hawsei'-laid  rope, 
Shroud-laid     „ 
Cahb-laid       „ 

4ao 

269 

S3-' 

33-4 

ai-5 

9,000     1.740 
7,500     a.jgo 

Twrred  Roj/es  have  abont  three-foartha  of  the  streagtli  of  vbiH 
ropes  of  the  sfline  size. 

Wire  ropes  contain  8  ccrtaio  proportioa  of  oTg>.nic  niatetUB 
the  hempen  cores  round  wljich  the  wires  arc  span,  bnt  it  doea  bM 
sensibly  contribute  to  their  strength,  which  wiU  be  man  t^ 
considered  further  oa 


n  FooT.NoTS  TO  Artici.b  309,  Paqm  S4»  a 


Dwembtr,  1874, 1^  that  gsntlamia,  aai  emerinienl*  n 

bnt  Wieveil  to  be  not  jet  pnhllaheH ,  it  msy  be  laftly  deduced  u 

two  bodies  is  m  functioa  of  the  force  iritb  wbieh  tbef  m  pnated  Icfitfha^rfEte    J 

ralatire  relocitr  of  motion.    It  is  (iiither  probible  Ibat  Tor  nibctAnoes  wi^i 

tbo  friction  inemues  with  the  Telocitj  to  »  certiun  '"ftTiimmn,  ^rt  iWa 

Mr,  Napier  belierei  hi^  eipniments  aher  "  that  vitb  miaenl  nla  (^  gt 

friction  is  l«B  >t  higber  tlua  M  loner  vciodtiea.  ind  Uut  with  »nh»«l  ^<mA  I 
oils  tbe  roreree  i>  the  cu«;"  uid  further,  with  tbe  tmpldjmetit  of  tw^iNBbAi^M*  I 
bis  hpta  found  to  Incmse  with  the  lelod^  snd  eie*  rend,  and  aba  t»  4miA  <  ~ 
tbe  velocity  and  cice  rrral     A  Terr  amil!  eo-effidnit  of  &ictian  was  fa^  **- 
when  a  udoU  "  qoantitjr  of  vster  was  alloired  to  mn  on  Oi*  top  of  gO."    Aa  Jk  S^  I 
point!  out,  thers  ia  nectnutj'  for  fiinher  expeiiineiit. 
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Table  op  the  KESwrAxcE  of  Materials  to  Steetchiko  and 
TEAsixa  Br  a  Duect  Full,  in  poundi  aooirditpoia  per  arptan 


Natdkai.  akd  Abtifigial; 
Brick,     I 

Cement,  f ' 

Ola^ 


Uortu*,  oidiiuuT,  .. 


Brass,  cast,.. 


BruQzo  (Copper  8,  Tin  i),... 

„        AlumiDtum, 

Copper,  cast, 

„       bolts,' 


13  qualities,... 


Iroo,  cast,  v 

„        average, 

Iron,  vfTonght,  plates, 

„       joint^  double  rivett«d, 
„  „       mngle  rivetl«d. 


bars  and  bolts,.. 
hoop,  best-best,., 


Steel  faarv 

Steel  plates,  average^ ... 


■{.■ 


49,ooo 
36,000 
73,000 


36,000 
60,000 
13.400 


3  100,000  j 
90,000 
3.300 


30,000   to  43,000,000 


4,600 
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UlTEBUIA. 

tllEB  AHD  OTEEB  OSQKSW  FiSBX; 

AcM)u^  &lBe.  See  "  Looart." 

A^  (/Votnnu*  ABMlnor), t7fioo           1,600,000 

Eomboo  (f om&tMa  orundtnowa),  ^1300 

Beedi  (i'a^iw  (jrftiidtai), 11,500           1,350,000 

Kroli  (j^efwfa  o^), 15,000           1,645,000 

Sox  {Bveeus  Mmpervirent), ao,ooo 

Cedar  of  Leb&BOfl  jfiedni  »L  Hiam),   '  iir40O              486,000 

Caiertnut  {Calama  Vaoa)^ i^  IJ^}        >»^*=S«» 

^                 "^   "  14.000  I  to  1,340,000 

K,:EedPi..(K».,j*«W.),  (^JJJ^      U.^t^'^ 

'  «<-"  (^«"  »»^). >Moo  { .0  ;:ss^ 

Flaxen  Ywii, about  15,000 

Hazel  {CoTffiia  AvtUana) iB,ooo 

Hempen  Bopee, from  13,000  to  i6,ood 

Hide,  Ox,  undressed, ^iSoo 

Hornbeam  (Cairpinu»  Betulua),.  ao.oao 

Lancewood  {GvaOaria  vtrgata),  33,400 

Leather,  Ox, 4.^00              34,300 

Lignum- Vit«  {Gvaiacum  ofid- 1  ^  ^  g^^^ 

Locust  (Jiobmia  Fteudo-Acada),  16,000 

'iia.h.opaiy{Sii»eteniaifa}iagimi),  jtoar'Soof      't^SSiOo* 

Maple  (Aatr  tampeatriM), 10,600 

Oak,  European  (^tMmMMsnlv-  {      10,000         1,300,000 

ftora&aAQv^rouspedunadata),  |toi9,aDo    to  1,750,000 

„^merioan  Eetl  (<2««r«*l  ,^,g^         ^^^^^^^ 

Silk  fibre, 53)000         1,300,00a 

%jca.moxe{AotrP»iUido-PkUanw>),  i3iOOO         ifi^^ifioo 

T«ak,  Indian  (7'0Bfc>na  jrramfis),  15,000         tyiOtyitw 

„      African,  (?) 31,000        3,300^ 

WlialeboDe, 7.7»o 

"ew  f^oatu  Iwocotoii, ftpo* 


Tabs  of  thz  Rbuotamce  of  Matboulb  to  Crubbisq  by  a. 
DiBECT  Thrubt,  in  potauit  avoirdupois  per  tguKviaei. 

Matebiau.  to 

CnuioDg. 
eroonB,  Natukal  An>  Aktipicial: 

Bridi^  iraik  red, 550  to  8cx» 

„      strong  red, » 1,100 

„      Grq,...^ 1.700 

Chalk 330 

Onnite, « 5^00  to  ti,ooo 

limestone,  morbl^ 5i5oo 

„           graniilAr, 4iOOO  to  4,SOO 

•       SuidstoDe,  strong, „ 6,500 

„         oidinarr, 3,300  to  4^00 
liubblc  moBoniy,  about  fonr-teuths  of  cut  stoae. 

IbTALs: 

Bra-ia,  cast 10,300 

Bronze,  AJtimininin, 139,000 

Iron,  cast,  Torioiu  qoalitiM, 89,000  to  145,000 

„    Bvanga, „ „ iia,oo(» 

wrought, ftbcnit  36,000X0  ^,000 
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Materiaib.  to 


TiMBEB,*  Diy^  crushed  along  the  grain: 

Aflh, 9,000 

Beech, 9,360 

Biichy 6,400 

Blue-Gum  (Eucalyptus  GMndus), 8,800 

Box, 10,300 

Bullet-tree  (Acliras  Siderooeylon), 14,000 

CSabacalli, 9i90o 

Cedar  of  Lebanon, 5,860 

Ebony,  West  Indian  {Brya  Ebenus), 19,000 

Elm, 10,300 

Fir:  Bed  Pine, 5>375  to  6,200 

„     AmericanYellowPine(Pmu««aria5i^i9)j  5,400 

„     Larch, 5,570 

Hornbeam, 7f3oo 

Lignum- Vit», 9,900 

Mahogany, 8,200 

Mora  (Mora  excelsa), 9,900 

Oak,  British, 10,000 

„     Dantzic, 7,700 

„     American  Bed, 6,000 

Teak,  Lidian, ia,ooo 

Water-Gum  (Tristama  neri/olia), 11,000 


lY. 

Table  of  the  Besistaxce  of  Materials  to  Bbkaxeto  Acuxs, 

in  pounds  avoirdupois  per  square  inch. 


jto] 

Matebialb.  or 

HodnloiafBapmt 

Stones: 

Sandstone, 1,100  to  2,3^ 

Slate,  5,000 


*  Tlie  resistances  stated  are  for  drf  timber.  Green  timber  It  mneh  iveakv,  IviV 
fometimes  onlr  half  the  strength  of  diy  timber  against  croidixDg. 

f  The  modmns  of  rapture  is  eighteen  times  the  load  iriikh  is  iBouirdl  to  hntk  t  ^ 
ff  opg  inch  square,  supported  at  two  points  ooo  foot  a|p«t,  and  Midad  ii  the  ''^^'^ 
between  the  pomta  of  support 


UiTIBl 


BtdiUooi  to  Uiukkg, 
UoiltUiiiufRai'tun. 


iIetais: 

Iron,  cnst,  opea-work  beams,  average,  17,000 

„        „     solid  rectftngular  bars,  var.  qualities,  33,000  to  43rSoo 

„        „  „  „  average, 40,000 

„     wrought,,.... 40,000  to  54,000 


Ash,.. 


■  P,« 


Bircli, 

Bloe-Gun, 16,000  to 

Bnllet-tree, 15,900  to 

Cftbftcalli, 15,000  to 

Cedar  of  Lebanon, 

Cheatnut, 

Comie  {Dammara  augtralU), 

Ebony,  West  Tnl^^ll.t^, 

Elm, 6,000  to 

Kr:  Red  Pine, _ 7,100  to 

„     Sprace, « 9j9oo  to 

„     lATcb, -...^ « 5,000  to 

Gi«ettbeart  {Nedandra  Eodfai^ 16,500  to 

Lmcewood, 

Lignam-VitfB, _ _ ^ 

Locost, - 

MKbogwij,  HondmBi^ _.... 

.  Spoitiali, 

»«, 

Oak,  British  and  Bnaaian, lOfioo  t 

Americui  Rfld,... .p..-—., ■--■■-, *--ij.-,,i>» 


1 3,000 

II,300 

ii,50» 
;,6oo 

31,000 

13,600 
8,700 

10,600 

13,300 

30,700 
9,600 

19,000 
14,980 

aafioa 

17,460 
6,600 
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MATERIALS,   CURSTUUCTIOV,  AMJ>  8TEEKOTH. 


Y. — Miscellaneous  Supplememtabt  Table. 


1 

MsterlaL 

Dimensions. 

Tmstiag 

Load, 

lbs. 

Length  of 

lib.  weight, 

in  feet 

Tenscitrin 
feetoftte 

'Cast  vteerbttt 

I  in.  X  I  in. 
area  i  sq.  in. 
girth  I  -27  in. 

I  in.  X  I  in. 
area  i  sq.  in. 

I  in.  X  I  in. 

I  in.  X  I  in. 
girth  I  in. 

girth  lo  in. 

'130^000 

100,000 

4,480 

60,000 

50,000 

15,000 

12,000 

1,050 

67,200 

0297 

O'O 

03 

03 

3"o 
40 

26*0 
0*279 

38,610 
30,000 
26,880 
18,000 

15,00) 

54,000 
48,000 
37^300 
18,750 

1 

Charcoal  iron  wire, 

Iron  wire  rone 

Iron  bar,  strone 

Boiler  plate,  strong, 

Teak  wood...... ..««..«.... 

Deal 

Hempen  hawser 

Hempenrope,cable-laid, 

YI. — Supplementary  Table  for  Wrought  Ibok 

Description  of  Material  "^SS^^  ^oSSrtS*" 

Malleable  Iron. 

Wire — very     strong, )  t..- 

,           ^^              ®'  >  114,000     Mo. 

charcoal, J  ^' 

Wire — average, 86,000       T. 

Wire — ^weak, 71,000     Mo. 

Yorkshire (Lowmoor),...  64,200       F.  52,4^  P. 

„                        from  66,390)     ^ 

to  60,075  J 

Yorkshire  (Lowmoor)  ]  , 

and      Staffordshire  >  59,7  40       F. 

rivetiron, ) 

Charcoal  bar, 63,620        F. 

'  Staffordshire  bar, . . .  from  62,231)     -jg- 

to  56,715/ 

Yorkshire  bridge  iron,...  49,930        F.  43,940   F. 

Staffordshire  bridge  iron,  47,600        F.  44,385 

TAiiarkahire  bar,. . .  from  64,795)     -j^* 

to  51,327) 

Ijancashire  bar, from  60,110)     ^^ 

«     ....                    ^"^  53,775) 

owedishbar, from  48,933  )     •»• 

to  41,351/       * 

xCnssian  imr, fram  599096)     ^ 

to  49*564/ 

Bushelled  iron   from  )  ^_  0^0       xr 

turnings, /  55,878       N. 

Hammered  scrap, 53,420       N. 

Angle-iTon  from  \  from  61,260  )     m- 

variousdistrictA,  ^      V>  V^)0^\ 


ahd 'Steel 


{0*20 
0-26 

0*2  to  0*35 


•02f 


^ TABLES  OF  STHENGTK. 

n 

«3       ■ 

^^^^^H                       Table— corUintied. 

1 

tntlaiala             H 

Straps  from  van-  1  from  55,937  1     «■ 
o«s  districts, ...  i      to  41,386  j 

1-048         M 

H     B^'SHcuer'a  iron,  bam-      _    ^          ^„ 
K        meredorn>llod |  7^■6^3      ^■ 

^^^m 

k5sr'.:".":.'!::'!'"}'*«-3'9  •^■ 

^^m 

^■^MahirapUi^...from  53,467)    jj  55,o33 

N, 

■109; -osg    H 

■170; -113      ^ 

Slnffordflhire  plates,  from  56^996       j,  51^51 
to  46,404  )        ■  44,764 

N. 

■04;    -034 
I  13;    ■059 

Sliiffordshire     plates,  1      ,    ,          w     ,    ,^ 
b.,t.be.t,  chircnal,  MS''"^        ^- ■"'■•=° 

F. 

■05;   -045 

Btafibrdshirc         )  frum  59,830        F.  54,830 

F. 

■05;    -038      ■ 

plalra,  best-best,  /      to  49-9H3        F.  46.470 

P. 

■067;  -04      H 

Staffordshire  plates,  best,  6i,a8o        F.  53,820 

F, 

■077; -045     ■ 

^■^■J™"     ■''""■}  5".8»       l'-5=,8»5 

P. 
F. 

•05;    -043 
■043;  -028 

Lancashire  plBt«s, 4S>865        F.  45,015 

Liinarfcahire  plated,  from  53.849  I    n  48,8*8) 
t*»  43.433  i        '  39>544  f 

N. 

I  -093;  -ohS      _ 

Durham  plates, 51.34S       ^-  46,711 

■»8sio64     M 

SJiet*  ofRe}i«aling  and  Hailing. 

1 

Puddled  bar                      41,Q04 

t  umuuu   uai , *.    ^j,yv^ 

The  Mtoe    iron    five) 
timespiled,r«heated  >  61,834 
androUed, )                     C. 

^H 

^^^^^H 

He  nme  iron  eleven  )               ' 

^^^^^^H 

timcBpiled,  reheated  >  43>904 
androUeU, )              ; 

^^^^^^H 

^ 

Strengtit  of  large  Fargingt. 

■Bmif.   cnt  out  ofl  from  47.5821     fj    44.578 
large  foiginga,  J       to  43,759  /       '  36,824 

r-»3>:i68 

Bm  cut  oot  of  Urge  1    ^^^^^^      j^ 

^^ 

^ 

^J 

MATE&IALS,  COSrSTRCCnOS,    AVD   STKZXCTIL 
V. — MiECF.LI-AXEOCS  SlTFl-EMCKTART  TaBIX 


rsu;.m 


Cant  steel  b«r, 

Cfaarcoal  iron  wiio,.... 

IroQ  wire  rope, , 

Iron  bar,  strong 

Boiler  plate, strong... 

Toakwood 

Deal, 

Hempen  bawBer. 

Hempeiirope,cablc-lBi 


50^000 


F                          VI.— SUPPLKUEKTARY  TaBLB  TOE 

WsocoBT  laoB  IB  r 

'                                 DMCrtpUonolMalariiO, 

'aas' 

-as 

■  U*.           M*J 

Uau-eable  Ikon. 

J 

■Wire-vc,7     strong.  1 

114,000 

J 

charcoal, J 

■                   -Wijw-we-k, 

71,000 

aio. 

^1 

■                   Torkshire(Lowmoor), . . . 

64,200 

F. 

52.490 

■ 

■                                                  from 

66,3901 

N. 

jSU 

■                   Torkahire  (Lowratwr)  J 

^H 

59.740 

r. 

"'■1 

63,630 

p. 

e-.'     Ill 

Charotalbftr 

Staffordshire  bar,...from 

62,231 1 

N. 

isU 

Torfcahire  bridge  iroii,... 

49.930 

43.940 

w  flH 

Staffordahirebiidgeii-on, 

47,600 

"F^H 

64,795 1 

N. 

■^^M 
^^H 

to 

60,110 
53.775 . 

N. 

id^H 

Bwedislibar, from 

43.933 

H. 

Hiisaian  bar, fnim 

to 

=''-h 

IT. 

35,Sl8 

X. 

4^^^ 

Hammered  scrap, 

^3A30 

N. 

'->^^H 

Angle-iron   from  1  from 

61,360  ) 
50,oS«/ 

1^ 

1^^             v»rio\ia4iatT\r:ts,  [      to 

^ 

^1 

^^Bt 

"^ 

^^^^B                      XABLBe  OF  GTRHNGTB. 
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B^^^                    Table— «mit*iwi«i 

^SSSl 

Btraps  from  van-  \  from  55,937  ( 
OUB  diatricta, ...  (       to  41,386  J 

N. 

f-.oS 

1048 

'^e.:™;..'!^}  ^— 

W. 

Beseemer's  iron,  ham-           . 

meredorroUed,...,  /  ^'-''■'3 

W. 

BeaaetDer'a  iron,  boiler  |    ,„ 
put. : J'^8'3.9 

"W. 

Yorkshire  plates,... from  58.467  1 

to  52,000  1 

"JS?} 

N. 

■109;  -059 

■170; -113 

Staffordshire  plates,  from  56,996  | 
to  46,404  J 

»-JS} 

N. 

■04;    ■034 

Btuflbrdahire     plates,  ) 

bert-be«t,  charcoal;  [  *S.oio 

F.  41,430 

F. 

■OS;    -045 

F.  54,830 

F. 

•05;  -038 

plittes,  best-best,  f      to  49.945 

F.  46.470 

F. 

■067;  -04 

6bU]^<rdxhire plates, best,  6i,3So 

F.  53,830 

F. 

■077;  045 

■^■rr  """")=<■.=- 

F.  53,835 
F.  45,015 

F. 
F. 

•05;  -043 

■043;  -oaS 

lAQUuhire  plates, 48,865 

lanarkahire  plates,  from  53,849 
t«  43.433 

H  48,848  1 
39.544/ 

N. 

/  -033;  ■014 
I  -093;  -046 

Da  clmm  plates, Si|34S 

K.  4«.1.3 

■089;  064 

ykfe  0/  Reheating  and  SMiitg. 

Puddled  bar 41,004 

The  awne    iron    five) 

_^^^^H 

times  pi]ed,reheatcd>  61,834 

^^^^^^1 

•ndroDed, 

a 

Ae  vine  iron  eleven 

^^^^H 

«biH»pibMl,Kh<»ted  .  43,904 
MndioUed, ) 

^^^^^^1 

■ 

n 

3B«n  cut  ont  of  (from  47,583 

I    >j  44.578 
f    ''36,8.4 

t-33,;-,6e       1 
I  -aog;  -064      1 

Urge  foldings,  (      to  43,759 

fc«,cntoatofl«gel         g^^ 

U 

^J 

^ 

^— 

rf 

^M 
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XATERIAUSy  CONSTRUCfnOK,  AND  8TBBHQTH. 


Table — conUnuecL 

TenMitT  In  Iba.  per  Sqnan  Inch. 
LengtbwlM.  OroMwiaei 


Description  of  llftteriaL 

Steel  akd  Steely  Ibok. 

Caststeelbarsjrol- )  from  132,909  )    ^^ 

led  and  forged,  J       to  92,015  J 
Cast  steel  bars,  rolled  ) 

and  forged, /  '3°'°''° 

Blistered    steel  bars,  )  ^      ^  g 

rolled  and  forged . . . ,  j  *'  ^ 

Shear  steel  bars,  rolled  )  g  ^g 

and  forged, J  '^ 

Bessemer*s  steel  bars,  I  ^^ 

rolled  and  forged,...  )  '^ 

Bessemer*s  steel  bars, )  #:^  ^«  ^ 

-X  •       i.                  f  03,024 

cast  mgots, *.  J  *" 

Bessemer*s  steel  bars,  )  t  1-2  012 

hammered  or  rolled,  j  ^  *^ 


Spring  steel  bars,  ham-  ) 

L,....  j 


72,529 
90,647 


R 

N. 

N. 

N. 

W. 

W. 

N. 

N. 

F. 

N. 


90,000 


P. 


Ulthnftte 


{ 


•052 
•153 


•097 

•135 
•055 


mercd  or  rolled 
Homogeneous    metal ) 

bars,  rolled, j 

Homogeneous    metal ) 

barsT  rolled, }  ^S.ooo 

Homogeneous    metal  )  go  '72 a 

bars,  forged, J        ^''   ^ 

Puddled        steel)  ^  ^^  .q.\ 

forgk j      **»  ^''^^^> 

Puddled    steel    bars,  ) 

rolled  and  forged,...  j 

Puddled    steel    bars,  )  ^^  >Tf?^       M 

rolled  and  forged,...  /  ^^'^52       m. 

Mushet*s  gun-metaJ, 1 03,400       F. 

Cast  steel  plates,.... from  96,289)    -^j-  97>3o8  I     ^ 

to  75,594/    '^•69,082/    ^• 
Cast  steel  plates,... hard,  102,900  )     p 

soft,  85,400/ 

Homogeneous    metal  |  ^      _o  I        *  *.«  ^q^  I        *    I 

phites,secondquaHty,  I  ?^'^^^^  ?3,58oj  [ 

Puddled       steel )  from  102,593  )    ^g.  85,365  )    ^ 

plates, /      to  71*532  /    ^-67,686/    -"• 

Paddled  steel  plates, ....  93,600       F. 


•180 
•137 


•119 

r-i9i 
1-091 


0-034    ^ 
/  -057;  -095 

/•031 
(•031 

•086;  -144 


•059;  "03' 

{t>28;  -013 
x>8a;x>57 
0-125 


TABLES  OF  STKENQTH. 


Table — eoniirated. 

DHCrlptlon  of  SU1«H»1.  ^uj^w^*"  "^  ' 

Coleford  Gun-metal. 

Weakest, 108,970^ 

Strongest, 160,540  >    F, 

Meftn  of  ten  sorts, i37i3Hoj 


■07  J 


e  used  fof 


In  the  preceding  table  the  foUowiog  abbreviatio; 
Uie  names  of  authoritios : — 

a,  Clay;  F.,  Fairbaim;  H.,  HodgkinBon;  M.,  Mnllet;  Ma, 
Morin;  N.,"  Napier  Jt  Sons;  R.,  Kennie;  T.,  Telford;  W., 
"Wilmot. 

The  column  headed  "Ultimate  Extension"  gives  the  ratio  of  the 
elongation  of  tho  piece,  at  the  instant  of  breaking,  to  its  original 
length.  It  furnishes  an  index  (but  a  somewhat  vague  one)  to  the 
ductility  of  the  metal,  and  its  cDnae^iucnt  safety  as  a  material  for 
resist  iog  Hhocks. 

When  two  nnmbers  separated  by  a  setnicolon  appear  in  the 
column  of  ultimate  extension  (thus  -062;  -057),  the  iirat  denoteo 
the  ultimate  extension  lengtliwi^,  and  the  second  c 


VII. — Resiliesce  or  Iron  and  Steel, 


B«iro 
Plate  i 


5el— Soft,.. 
1^       Hard... 


1  >iai«a™.an.  ^t^t,.  tmm^. 

— Weak, i.li4<^  AA^l 

Average, 16,500  5.500 

Strong, ;9,tjoo  9,6^7 

—Good  average,..  60,000  ao.ooo 

n— Good  average,  50,000  16.667 

—Good  average,  90,000  30,000 


133,0 


^K  I"  the  above  Table  of  Resilience  the  working  tenacity  is  for  ft 
^de*il"  or  st«ady  lottd.     The  modulun  of  rcsilieuce   is  oUcuUted 
■'  'iding  tho  square  of  that  working  temicity  by  the  modnlna  of 


■ly  (tivuhnj 
^liaticity. 


•  The  experioiaita  wb<Me  extreme  renltt  are  marked  N.  were  coDdnctel 
NT  Ueasn.  K.  Nkpior  k  Sou  by  Mr.  Kirii^y-  Fur  Jetailt,  Me  Traittac- 
<imi  q/"  (A*  tftituUon  0/  Etgauert  in  HeutUad,  1858-59 ;  alw  Kiriuldr  0» 
■•  Btmglh  nflnm  ami  Sttd.  — — 


VIII. — SoppLxiiKHnBT  Tabu  fob  Cast  Ibok 


No.  1.  Coldblaat,.. 
No.  1.  Hot  blast, .  . 
No.  2.  Coldblaat,.. 
No.  2.  Hot  bloat, . 
3,  Cold  blast,,,. 


No.  3.  Hot  blast, 

No.   4.    Smelted   by   coke| 

without  sulplmr, J 

Toophened  cast  iron,  J^;"™ 
No.  3.  Hot  blast  after  first) 


12,6^ 

17,466 
13,434 
16,125 
13.343 
18^55 
13.505 
17,807 
14,300 
15,508 
15,178 
33,468 


56.45  > 
80,561 
72,193 


82,734 
102,030 

76,900 
115,400 


129^76 
"9t4S7 
98,560 


3S,3i6 
33r453 
3*609 
23,917 
38,394- 
3S,88i 
47,061 
35,640 
43^97 
41,71s 


iS,jSo.( 
U-539JW 

i7*)36i»o 
I2,2S*a» 
1 6.301  ,< 
14,281. ( 


twelfth  melting, f 

No.    3.    Hot    blast    after) 

oightcenth  melting,  ...f 

Malleable  cast  iron, 


It  is  to  be  undeistood  that  the  numbers  in  one  line  <f  Um  pi*- 
cciling  table  do  not  neceeaarily  belong  to  the  tame  epaamem  of  iioD. 
each  number  being  an  axtrana  rosult  ioi  the  kiad  ot  iron  ggiaSii 
iu  the  first  column. 


^^^^^^^^  CHAPTER  n. 

^P    IBINCIFLES  AND  RULES  KELATIKC  TO  STBENQTII  AND  STIFrMBSS. 

411.  The  Obleoi  at  lUa  cbavfer  Is  to  give  a  sujumai^  of  tha 
principles,    and   of  tbc   geneml    riiles   of  calculation,    wbicli    ore 

iippUcable  to  prDblems  of  sLrengtU  and  atitftioBa,  whataoever  the 
[larticuUr  matt^Hiil  luay  h«.  It  is  to  a  certain  extent  identical 
with  a  similar  EUmmary  whith  appeared  in  A  Manual  of  CivU 
Hnginaering,  but  modilinl  to  ad^pt  its  principleit  to  the  problems 
which  occur  iu  machini-'ry.  Various  special  problems  relating  ta 
'  ineiy  will  be  considered  in  the  thim  Chapter. 


r chine 


Secbos  l.—0/SlrmgtU  and  Stiffneu  in  General 


w,  smUa,  Kn«Bik — The  load,  or  combination 
of  <^xtf^□al  forces,  triiicli  ia  applied  to  any  piece,  moving  or  fixod, 
in  u  nmchiuf,  produces  glraig  umougst  the  (articles  of  tliat  piooe, 
In-iug  the  coiubiuatiou  of  forct'it  which  tl^y  exert  iu  retoittiiig 
:h'-  tvniloncy  of  the  load  Ui  ilitifignre  and  break  the  piece,  ao- 
'rapiinied  by  ifmiii,  or  altaration  of  the  voliiiuea  and  figurea  of 
t)iL-  wbulu  pit«e,  and  of  each  of  ita  particles. 

If  the  load  is  coutiuually  iiicrcasi-d,  it  at  length  produces  either 
fraeturt  or  {if  the  iual«riul  is  very  tough  aud  ductili<)  such  a 
diaiigarcment  hs  is  practically  ei^uivalent  to  froctuiis  by  reuderiug 
tliajiieoe  uxelceB. 

Tbe  Ultimate  Strm-jA  of  a  body  is  the  land  reifuired  to  produoa 
ft*ctare  in  some  speciGed  way.  The  I'tov/  .'ilmu/t/t  is  the  loott 
required  to  produce  the  greaUst  strain  of  a  Hpeclfic  kind  etin- 
Kii>t«nt  with  Wtity;  that  is,  with  tlta  retention  of  the  slri.-ugtb  ot 
thu  material  unimpaired.  A  load  exceeding  tlie  proof  otrength  of 
the  Ixidy,  although  it  may  not  prodttco  instant  Oractuiv,  pn>dticw 
frmctare  eventually  by  long-oontinued  application   and  truquont 

The  Working  Load  on  eneh  piece  of  a  nudiino  is  made  lew  tbaa 
the  ulUmate  Htrvngth.  and  lam  than  the  proof  HliiiigLh,  in  certain 
ratios  determined  partly  by  experiment  and  partly  by  pmcticnl 
experience,  in  order  to  provide  for  unforeseen  contingenuee. 

Eaoh  solid  hna  as  many  different  kinds  of  Htrength  as  than  an 
different  waya  in  which  it  i»u  be  ittrained  or  brolun,  as  shown  in 
tlio  following  daoificatjoa:— 


488  MATERIALS,  CONSTBUCTIONy  AND  8TBERQTH. 

Tn««,^«fo,^  f  Extension     Tearing. 

Elementary |  Compression Crush^. 

I  Distortion    Shearing. 

Compound <  Twisting      Wrenching. 

(  Bending       Breaking  across. 

413.  €o-eacieats  or  iHodaU  •£  Btnugih  are  quantities  expressing 
the  intensity  of  the  stress  under  which  a  piece  of  a  given  material 
gives  way  when  strained  in  a  given  manner;  such  intensity  heing 
expressed  in  units  of  weight  for  each  unit  of  sectional  area  of  the 
layer  of  particles  at  which  the  body  first  begins  to  yield.  In 
Britain,  the  ordinary  unit  of  intensity  employed  in  expressing  the 
strength  of  materials  is  the  pound  avoirdupois  on  the  square  inek 
A&  to  other  units,  see  Article  302,  page  342. 

Co-efficients  of  strength  are  of  as  many  difibrent  kinds  as  there 
are  different  ways  of  breaking  a  body.  Their  use  will  be  explained 
in  the  sequel.  Tables  of  their  values  are  given  at  the  end  of 
the  volume. 

Co- efficients  of  strength,  when  of  the  same  kind,  may  still  vstt 
according  to  the  direction  in  which  the  stress  is  applied  to  the 
body.  Thus  the  tenacity,  or  resistance  to  tearing,  of  most  kinds  of 
wood  is  much  greater  against  tension  exerted  along  than  across 
the  grain. 

414.  Factors  of  Safetr. — ^A  factor  of  safety,  in  the  ordinary  sense, 
is  the  ratio  in  which  the  load  that  is  just  sufficient  to  overoome 
instantly  the  strength  of  a  piece  of  material  is  greater  than  the 
greatest  safe  ordinary  working  load. 

The  proper  value  for  the  factor  of  safety  depends  on  the  nature 
of  the  material;  it  also  depends  upon  how  the  load  is  appUed. 
The  load  upon  any  piece  in  a  structure  or  in  a  machine  is  distio- 
guished  into  dead  load  and  live  load,  A  dead  load  is  a  load  which 
is  put  on  by  imperceptible  degrees,  and  which  remains  steady;  soch 
as  the  weight  of  a  structure,  or  of  the  fixed  framing  in  a  maehine. 
A  live  load  is  one  that  is  or  may  be  put  on  suddenly,  or  aocom- 
panied  with  vibration ;  like  a  swift  train  traveUing  over  a  lailwir 
bridge;  or  like  most  of  the  forces  exerted  by  and  upon  the  moving 
pieces  in  a  machine. 

It  can  be  shown  that  in  most  cases  which  occur  in  practice  s 

live  load  produces,  or  is  liable  to  produce,  tioics,  or  very  nearly 

twice,  the  effect,  in  the  shape  of  stress  and  strain,  which  an  eqn^ 

dead  load  would  produce.     The  mean  intensity  of  the  stnm  pi^ 

duced  by  a  suddenly  applied  load  is  no  greater  than  that  produced 

by  the  same  load  acting  steadily;  but  in  the  case  of  the  snddeolj 

applied  load,  the  vlteaa  \)«|5lta  Vs^  VmIu^  insensible,  increases  ^ 

double   its  mean  intonsoXi^)  vkA  V^^h  ^g^^  S^ra^ss^  a  aeriei  of 

flactuatioiii,  tliemsAAy  \s(Ao^  %5A  iDow^  ^^  t&msk wsmb^^ 
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kfe>^  vibration  of  the  strained  body.  Hence  tho  ordinary  practice  ia 
Kto  muko  the  factor  of  safety  for  a  live  load  double  <^  the  factor 
■itf  safety  for  a  de&d  load. 

A  diatiiiction  is  to  be  drawn  between  raal  and  apparent  factors  of 

fbty.    A  real  factor  of  safety  ia  the  ratio  in  vhich  the  ultimate  or 

making  stress  is  greater  tbau  the  real  working  stress  at  the  time 

hrhen  the  straining  action  of  the  load  ia  greatest     The  apparent 

r  of  safety  has  to  be  made  greater  than  the  real  factor  of 

J  in  those  cases  in  which  the  calculation  of  strength  is  based, 

it  upon  the  greatest  straining  action  of  the  load,  but  upon  a  mean 

■ining  action,  which  is  exceeded  by  the  greatest  atraining  action 

1  a  certain  proportion.     In  such  cases  the  apparent  iiictor  of 

fcty  is  tho  product  obtoined  by  multiplying  the  real  factor  of 

fety  by  the  ratio  in  which  the  greatest  straining  action  exceeds 

Another  class  of  cases  in  which  the  appai'cnt  exceeds  tho  real 
&ctor  of  safely  is  when  there  are  additional  straining  actions 
besides  that  due  to  the  transmisaiOD  of  motive  power,  and  when  those 
additional  actions,  instead  of  being  taken  into  acconnt  in  detail,  are 
allowed  for  in  a  rough  way  by  means  of  an  increase  of  the  factor  of 
nfety.  A  third  class  of  cases  is  when  there  is  a  possibility  of  an 
increased  load  coming  by  accident  to  act  upon  the  piece  under 
'  consideration.  For  example,  a  steam  engine  may  drive  two  lines 
of  shafting,  exerting  half  its  power  on  each;  one  may  suildenly 
breali  down,  or  l>e  thrown  out  of  gear,  and  tho  engine  may  for  a 
short  time  exert  its  whole  power  on  the  other. 

The  following  table  shows  the  ordinary  values  of  real  factors  of 
■afety:— 

D«Hl  I..oa.l         Llo^  LmL 

Perfect  materials  and  work  ni  an  ship, 3  4 

Ordinary  materials  and  workmanship) — 

Metals, 3  fi 

Wood,  Hempen  Ropes, from  3  to  5  10 

Masonry  and  Brickwork, 4  8 

F  The  following  are  examples  of  apparent  factors  of  safety: — 

Butla  In  wlilth     ,,.,.,_,. 

Bwl  naor  of  3tl»lr,  0.  n««li  Kata     ^^L 

tHon.  amiij.      "•*"»■ 

engines    acting  against  a  constant 

_  e  engine,.. „...,. i  '6  9*6 

Fair  of  enginea  driving  cnnlu  at  right )  ,  , 

"ngl«. /  '  ' 

Three     enginw    driving    equiangular ) 

ennki^ )  '  '°5  0'3 


I 
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Ordinaty  oases  of  varying  elfiirt  and 
resistoDce •> 

LinesofBliaftiDgiDmillwortc;  appmot 
fector  of  nfety  for  twistmg  Etreae 
due  to  motive  power,  to  cover  aUow- 
ances  for  bending  actjona, 
extra  loiid,  Jic, 


AJmost  all  the  experimeata  hitlnirto  made  e 
materiala  give  co-effiuienta  or  moduli  of  uUiaiaU  m 
co-efiicienbi  expresung  the  iiitt^ostty  of  tb«  e 
most  aererelj  strained  paiticleB  of  the  material  juat  befan  tl 
-way.      lb  calculations  for  the  purpose  of  desi( 
macbinory  to  bear  &  given  workisg  ioad,  thei 
using   the   factor  of  safety, — one  if,  to  multiply  the  ^ 
by  tJic  factor  of  safety,  eo  an  to  determine  Ui<;  breaki 
use  this  load  in  the  calculation,  along  willi  the  modnliu  of  ol 
strength:  the  other  is,  tu  divide  the  modulns  of  iilttoHta 
tiy  the  factor  of  safety,  and  tUua  to  find  a  moduliw  or  a 
of  vxfrking  ttr«st,  which  u  to  be  need  in  the  caloolatMB,  ^  J 
with  the  toortin/f  load.     It  is  obvionfl  that  tJie  two  a 
mathematically  equivalent.    a»d   must   lead   to   the   i«i 
bnt  the  latter  is  on  the  whole  the  more  coavanienl  in 
inaohines. 

41u.  The  »»— I  or  TaMias  by  experiment  of  the  "' 
piece  of  material  is  conducted  in  two  diSerent  way*.  . 
the  object  in  view. 

L  If  the  piece  i^t  to  be  afterwards  ami,  the  teatins  1>- 
so  limited  that  there  shall  be  no  possibility  of  it«  iiui'- 
etrepgth  of  the  piece ;  that  is,  it  must  not  exceed  tfae  pr>,' ' 
being  from  one-third  to  one-half  of  the  ultiiaate  atreoeui  - 
double  or  treble  of  the  working  load  is  in  generml  ai  ~ 
should  be  taicen  to  avoid  vibrations  and  ahocika  « 
load  approaches  near  to  the  proof  strength. 

II.  If  the  piece  is  to  be  nacriJUed  for  the  sate  of  ai 
strength  of  the  mat«riid,  the  load  ia  to  be  increased  by  di, 
the  piece  breabi,  care  being  taken,  cxpecially  when  tb  ■ 
point  is  approached,  to  increase  the  load  by  small  q    ~^ 
time,  so  as  to  get  a  sufficiently  precise  result. 

The  proqftCrenglh  requires  ranch  more  time  and  If 
determination  than  the  ultimate  strength.  One  mods  (f^ 
mating  to  the  proof  strength  of  a  piece  is  to  apply  a  ■ 
and  remove  it,  apply  tiie  same  Irad  a^un  and  raav 
three  times  in  succession,  observing  at  each  time  of  •) 
the  load  the  strain  or  alteration  of  figure  of  the  [mc 
I  by  BfcieU:b\n%,  eooi^ressian,  bending,  distortion,  or  t 
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ID  does  Tiot  aanmhly  ineratua  by  re-        ^| 


«He  majr  b«.  If  tbftt  albcmunn  does  not  atnaibly  inerwue  h 
pentad  applioAtioEU  of  tlitt  astmc  load,  tbe  load  ia  within  the  limit 
of  \iroof  sti'cDgtb.  The  elliiatB  of  a  greater  and  it  frreater  load  being 
suece^isively  tested  in  tJie  aamo  way.  a  load  will  at  Irngtb  lie  reached 
whose  Bucceasive  applications  prodac«  increaains  diafigiireraenU  of 
tht!  piece;  aad  this  load  will  be  greater  than  tUu  proof  Ntit^ngtb, 
H-hich  will  ite  between  the  last  loud  and  the  Lutt  loud  but,  one  in 
the  series  of  cxperitnents. 

Ft  wss  formerly  supposed  that  the  production  of  a  ael — that  ie,  a 
i]{9l7gnreinent  which  continues  after  the  removal  of  tie  load — waa  u 
test  of  the  proof  strengtli  being  exceeded;  but  Mr.  Hodgkinaou 
ifaowed  that  supposition  to  be  erroneous,  by  proving  that  iu  most 
materials  a  set  is  produced  by  almost  any  load,  how  small  ho- 

The  strength  of  burs  and  beams  to  resist  breaking  aci-oss,  and  of 
axles  to  resist  twisting,  can  bo  tested  by  the  application  of  known 
wpighta  cither  diivctly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  anil  i-opes,  and  the  resst- 
nnce  ut  pillora  to  crnshing,  more  powerful  and  complex  mechnnisra 
iit  retfutrcd.  The  itpiutmtus  most  commonly  employed  is  the 
Iiydmulic  press.  In  computing  the  stress  which  it  produces,  no 
rvlianoe  ought  t«  be  pluoed  on  the  load  on  tlie  safety  valve,  or  on 
a  wHght  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
the  preaHuro,  which  should  be  ascertained  by  means  ofaptcaaitre 
gniig<>.  Thiit  remiirk  ajiplies  abto  to  the  proving  of  boilers  by  water 
pivKtnrn.  From  experiments  by  Sfessrs.  Hick  and  Liitby  it  a[i- 
]>earB  that,  in  cakulntinR  the  Birets  produced  on  a  bar  by  means  of 
a.  hydraulic  press,  the  friction  of  the  collar  may  be  allowed  for  by 
drdiicting  a  force  equivalent  to  the  pressure  of  the  water  upon  an 
an-iL  oFn  length  equal  to  the  circumference  of  the  collar,  and  one- 
(■iglitiDth  of  an  inch  broad.      (See  page  444.) 

for  the  exact  det«rmi nation  of  general  laws,  although  the  load 
mny  be  applied  at  one  end  of  the  |iiec«  to  be  tested  by  mean*  of  a 
Itydmnlic  press,  it  ought  to  be  resisted  and  meftsured  at  the  other 
<!inl  by  means  of  a  combination  of  levers. 

4IG.    mammi—  ar  RIi'iUIT'  PlteMUtr,  ikrir  IHimImII  •*  Ci  ■■rl»— 

— Rigidity  or  stiQ'aess  is  the  property  which  u  fiulid  body  po«eMes 
of  rcsinting  forces  tending  to  oliange  ite  6gure,  It  may  be  oxprmsed 
OS  n  quantity,  called  a  moduiiu  or  eo^ffieietd  <\f  utiffneu,  by  taking 
the  ratio  of  the  intensity  of  a  given  stress  of  a  given  kind  to  the 
■truiTi,  or  alteration  of  6gnre,  with  which  that  stre«s  is  accom- 
j-auicd — that  atrain  being  expressed  u  a  quantity  by  dividing  tb'> 
fUtenition  of  some  dimension  of  the  body  by  the  original  lea^tV^  c£ 
that  dimension.  Id  most  tntiterials  which  aro  ubcA  rti  tnajrV\M«ir^, 
the  moduli  at  BtiObesa,  though  not  exactly  oonrta-vit,  ato  iwaAl 
coaauat  for  ativasea  not  exceeding  thn  proof  BLctsng^ 
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The  reciproca]  of  a  modulus  of  stiffness  may  be  called  a  ''  modulm 
ofpHabilUy;''  that  is  to  say, 

Modulus  of  Stiffness  = 5^-: : 

Stram  ' 

Modulus  of  Pliability  =  =— - — - — rr=- ^. 

"       Intensity  of  Stress 

The  use  of  specific  moduli  of  stiffness  will  be  explained  in  the 
sequel.  Values  of  them  are  given  in  the  tables  prefixed  to  this 
chapter. 

417.  The  Elasticity  •f  a  s^iid  consists  of  stiffness,  or  resistanoe 
to  change  of  figure,  combined  with  the  power  of  recovering  the 
original  figure  when  the  straining  force  is  withdrawn.  If  that 
recovery  is  complete  and  immediate,  the  body  is  per/ecUy  da$tk; 
if  there  is  a  set,  or  permanent  change  of  figure,  after  the  r^noval 
of  the  straining  force,  the  body  is  imperfectly  dastic  The  elasticity 
of  no  solid  substance  is  absolutely  perfect,  but  that  of  many  sub- 
stances is  nearly  perfect  when  the  stress  does  not  exceed  the  proof 
strength,  and  may  be  made  sensibly  perfect  by  restricting  the  stress 
within  small  enough  limits. 

Modidi  or  Co-efficienis  of  Elasticity  are  the  values  of  modoli  <^ 
stiffness  when  the  stress  is  so  limited  that  the  value  of  each  of  those 
moduli  is  sensibly  constant,  and  the  elasticity  of  the  body  sensibly 
perfect. 

418.  Resilience  or  Spriog  is  the  quantity  of  mechaniccU  wort  re- 
quired to  produce  the  proof  stress  on  a  given  piece  of  material,  and 
is  equal  to  tlie  product  of  the  proof  strain,  or  alteration  of  figure^ 
into  the  mean  load  which  acts  during  the  production  of  that  strain; 
that  is  to  say,  in  general,  very  nearly  one-half  of  the  proof  load 

419.  IIcl||hiM  or  I^engtlia  of  Blodall  of  StlAieM  aadi   ^ti  n  §*■     - 

The  term  lieiglU  or  length,  as  applied  to  a  modulus  or  00-efficient  of 
strength  or  of  stiffness,  means  the  length  of  an  imaginary  vertioil 
column  of  the  material  to  which  the  modulus  belongs,  whois 
weight  would  cause  a  pressure  on  its  base  equal  in  inteositf  t» 
the  stress  expressed  by  the  given  modulus.  Hence 
Height  of  a  modulus  in  feet 

_     Modulus  in  lbs.  on  the  square  foot 


Heaviness  of  material  in  lbs.  to  the  cubic  foot 

Modulus  in  lbs,  on  the  square  inch 

~"  Weight  of  12  cubic  inches  of  the  material' 

Height  of  a  modv\\w&\\iV[i^«& 

^■^     r 
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Height  of  a  modulus  in  metres 

Modulus  in  kilogram mes  on  tbo  aquure  mStre 
Ueavineas  of  material  in  kilogrammes  to  the  cubic  mitre' 

Several  examples  of  this  mode  of  stating  the  intensity  of  streas 
Iiave  already  been  given;  as  at  pages  474,  47o;  and  ia  the  Tables, 
page  482. 

Sectiok  II. — O/SeMvUmce  Co  Direct  Tenxion. 

420.    Mnnsih.  Silffurii,  aad   SalllcBcB   sf  >  Tie. — The  word  Its 

is  here  used  to  denote  any  piece  iu  framing  or  in  meclianism,  such 
as  a  rod,  bar,  band,  cord,  or  chain,  vbich  is  uniler  the  action  of  a 
pMF  of  equal  and  opposite  longitudinal  forces  tending  to  stretch 
it,  and  to  tear  it  asunder.  The  common  magnitude  of  those  two 
forcea  is  the  load;  and  it  is  equal  to  the  product  of  the  sectional 
area  of  the  piece  into  the  intensity  of  the  tensile  Btresa.  The 
values  of  that  intensity,  corresponding  to  the  immediate  breaking 
load,  the  proof  load,  and  tbu  working  load,  are  called  respectively 
the  moduli  or  co-e(Bcicuta  of  ultimate  tenacity,  oi  pivo/ Imxion,  and 
of  working  tetiiitm. 

In  ^mbols,  let  P  be  the  lond,  S  th»  sectional  urea,  and^  tho 
intensity  of  the  tensile  stiL-Kj;  then 

F=pS (1.) 

If  the  sectional  area  varies  at  different  points,  the  Uasl  area  is  to 
be  uken  into  account  in  calculations  of  strength. 

The  elongation  of  a  tie  produced  by  any  load,  F,  not  cxcf«diDg 
tho  proof  load,  is  fonud  us  follows,  pi-ovided  the  sectional  urea  is 

Let  X  dimote  the  original  longl!i  of  tho  tie,  i  x  the  elongation, 
I  which  that 


the  extension;   that  is. 


!  }>roporti» 


mgntion   bears  to   the  original   length  of  tho  bar,  being  the 
merical  measure  of  the  strain. 
I  Let  E  denote  the  modulus  of  direct  da^ieity,  or  reustance  to 
tching,  for  examples  of  which,  we  the  Tables.     Then 


■■(2.) 
Sis  the 


[  IiCt/' denote  the  proq/' (c7iiio7i  of  the  material,  Ro  that/" 
■DOf  load  of  the  tie;  then  the  proof  cOeiiaion  is/'  —  £. 
\  The  ■miicBce  or  IfMbk  of  the  tic,  or  the  work  done  ia  «\.nft«^- 
^  it  to  the  limit  of  proof  strain,  is  computed  aa  foUowa.   Ttft\«n(^, 
«fore,  being  x,  the  eiongation  of  tao  tie  ptodwse4\>^  fti»  ip«A 


I 
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load  isy^  a;  -f-  R  The  force  which  acts  ibroiigh  this  space  has  for 
its  least  value  0^  for  its  greatest  valae  P  =  ^  8,  and  for  its  mesa 
value  y  B  -T-  2;  so  that  tibe  work  done  in  stretohiiig  the  tie  to  the 
proof  strain  is 

The  co-eflScient/'*  ^  E,  by  which  one-half  of  the  volume  of  the 
tie  is  multiplied  in  the  above  formula,  is  called  the  Modulus  op 
Resilience.     For  examples  of  its  value,  see  the  Taldes,  page  485. 

A  sudden  ptdl  of  /'  S  -r-  2,  or  one-half  of  the  proof  load,  being 
applied  to  the  bar,  will  produce  the  entire  proof  stmin  of y^  -r-  £, 
which  is  produced  by  the  gradual  application  of  the  ptoof  kill 
it»elf;  for  the  work  perforxned  by  the  action  of  the  ooDStantiDne 
/*  S  ~  2,  through  a  given  space,  is  the  same  with  the  work  per 
formed  by  the  action,  through  the  same  spaoe,  of  a  foroe  incnanog 
at  an  uniform  rate  from  0  up  to^  S.  Hence  a  tie,  to  resist  wiA 
safety  the  sudden  application  of  a  given  pull,  requires  to  have  twice 
the  strength  that  is  necessary  to  resist  the  gradual  i^pplioation  and 
steady  action  of  the  same  pull.  This  is  an  illastratkin  of  ibe 
principle,  that  the  factor  of  safety  for  a  live  load  is  twice  that  for  ft 
dead  load. 

421.   TMn   CrUadrical  and  Spkcriaa  Skelte. — ^Let  T  denote  thf 

radius  of  a  thin  hollow  cylinder,  such  as  the  shell  of  a  high-pressore 
boiler; 

t^  the.  thickness  of  the  shell ; 

/,  the  ultimate  tenacity  of  the  material,  in  pounds  per  sqoeic 
inch; 

jo,  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  le* 
quired  to  burst  the  shell.  This  ought  to  be  taken  at  six  hhb  ^ 
effective  working  pressure — ^edive  prtsmre  meaning  the  exeev  of 
the  pressure  from  within  above  the  pressure  from  without,  whicfc 
last  is  usually  the  atmospheric  |ireBSUve,  of  14*7  lbs.  on  the  sq*^ 
inch  or  thereabouts. 

T^en 

t>=A (1) 

r 

and  the  proper  proportion  of  thickness  to  radius  is  given  by  ttfi 
formula, — 

l^P  A] 

r     f 

lEhin  Epherical  shells  are  liOMe  a»  wtnmg  ha  cyUadiiasl  ^tf»  * 
die  isame  radiYA  wdA  \>x\i^ti^b^ 

The  tenacity  crf[  ^oo^  wToxi^\.-\iaii\sw\«t-^^  M^I09i^ 


I 
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per  Bquare  Such.  That  of  a  doiible-rivetted  joint,  per  square  inch 
o/lhe  iron  left  hftween  the  ricet  holes  (if  drilied.  and  not  punched), 
ia  the  same;  that  of  a  single-rivetted  joint  soniewhait  less,  as  the 
tension  is  not  uniformly  diatributed.  It  ia  cotwenient  in  practice 
to  state  the  teoacitj  of  i-ivetted  joints  in  lbs.  jier  iquare  inch  of 
the  entire  plaie;  tiiid  it  is  to  stated  in  the  annexed  tuhle,  in  which 
the  resulttt  for  rivetted  joints  are  from  the  experiments  of  Mr. 
Fairbuim,  and  that  for  a  welded  joint  from  on  experiment  by  Mr. 
Dunn.  The  jointa  of  plate-iroc  boilers  are  single  rivetted;  but 
from  the  manner  in  which  the  plates  break  joint,  the  idtimate 
tenacity  of  such  boilen  is  considered  to  approach  more  newly  to 
that  of  a  double-rivetted  joint  than  to  that  of  a  unglfr'rivetted 

Wrought. iron  plate  joints,  double-rivetted,  the  dia- 
meter of  each  hole  beiug  A  of  the  pitoh,  or  dis- 
tance from  centre  to  centre  of  holes, 35,000 

Wrouglit-iron  plat«  jointH,  sing)',  rivetted, 26,000 

"Wrought-irou  boiler  shells,  with  aingle-rivetted  joints 

^properly  crossed 34,000 

Wrought-iron  retort,  with  a  welded  joint, ,.„  30,750 

Cast'ii'on  boilers,  cylinders,  and  pipef  (average),  16,500 

Malleable  cast-iron  cylinders, 48,000 

433.  Thick  naimr  FTlindcn  aod  i«i>h««. — The  asBumption  that 
thu  tension  in  a  hollow  cylinder  or  sphere  is  uniformly  distributed 
throughout  the  thickness  of  the  shell  is  approximately  true  only 
when  the  thickness  is  small  as  compared  with  the  radiua. 

Let  R  represent  the  external  and  r  the  internal  radius  of  a  thick 
hollow  cylinder,  such  as  a  hydraulic  pi-ess,  the  tenacity  of  whose 
material  m  /,  and  whoee  barsting  pressure  u  p.  Then  we  must 
faavo 

?l^.f-  (1.) 

khiJ,  ^■ouaequently, 


I 


^vm^ 


w 

by  means  of  which  fotmula,  when  r,  /,  and  p  are  given,  R  may  bo 
computed. 

In  the  case  of  a  hollow  sphere  tLe  following  rormols  give  tha 
ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the  external 
to  the  interna]  ladios : — 

2  R'  —  2  T^ 

\^^ 


L 


/        fi'+2i«" 
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h^y&f^) <-» 

Section  III. — O/Eesistance  to  Distortion  and  Shearing. 


423.  Dlflt«rtl«B  BBd  fthMurias  thrmm  te  Oe—raU — ^In  framewoik 
find  mecbanism  many  cases  occur  in  which  the  principal  pieces,  sack 
as  plates,  links,  bars,  or  beams,  being  themselves  subjected  to  ten- 
sion, pressure,  twisting,  or  bending,  are  connected  with  each  other  at 
their  joints  by  rivets,  bolts^  pins,  keys,  or  screws,  which  are  under 
the  action  of  a  shearing  force,  tending  to  make  them  give  way  bj 
the  sliding  of  one  part  over  another. 

Every  shearing  stress  is  equivalent  to  a  pair  of  direct  aUcsaos  of 
the  same  intensity,  one  tensole  and  the  other  oompressivey  exerted 
in  directions  making  angles  of  45^  with  the  shearing  stress  Hence 
it  follows  that  a  body  may  give  way  to  a  shearing  stress  either  by 
actual  shearing,  at  a  plane  parallel  to  the  direction  of  the  sheariDg 
force,  or  by  tearing,  in  a  direction  making  an  angle  of  4«r  with  that 
force.  The  manner  of  breaking  depends  on  the  structure  of  the 
material,  hard  and  brittle  materials  giving  way  by  tension,  and  soft 
and  tough  materials  by  shearing. 

When  a  shearing  force  does  not  exceed  the  limit  within  which 
moduli  of  stiffness  are  sensibly  constant,  it  produces  distortion  of 
the  body  on  which  it  acts.  Let  q  denote  the  intensity  of  shearing 
stress  applied  to  the  four  lateral  faces  of  an  originally  square 
prismatic  particle,  so  as  to  distort  it;  and  let  »  be  the  diatcfiumf 
expressed  by  the  tangent  o/tlie  difference  between  each  oj  tf^e  didortei 
angles  of  (he  prism  and  a  right  angle;  then 

f  =  C, (1.) 

is  the  modulus  of  transverse  elasticity,  or  resistance  to  distorticm;  of 
which  examples  are  given  in  the  tables,  page  479. 

One  mode  of  expressing  the  distortion  of  an  originally  aqusre 
prism  is  as  follows : — Let  «  denote  the  proportionate  elongatioD  of 
one  of  the  diagonals  of  its  end,  and  —  «  the  proportionate  shorten- 
ing of  the  other;  then  the  distortion  is  ' 

»  =  2«. 

C 

The  ratio  ^  of  the  modulus  of  transverse  elasticity  to  the  modnlos 

of  direct   elasticity   defined  in  Article   420,  page  493,  has  dif- 
ferent values  for  different  materials,  ranging  from  0  to  i.    For 

wrought  iron  and  «^«cSl  \t  \a  «>qom\  v 
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la  The  vilimaU  shearing  atrertgth,  or  modulus  of  resistance  to 
KalMkring, — in  other  words,  tLe  inteusity  of  the  greatest  ahearing 
fitress  when  the  body  is  on  the  point  of  giving  way, — is,  in  wrought 
iron  and  steel,  and  most  other  metals,  equal,  or  Dt^arly  equal,  to  the 
tenacity :  in  cast  iron  it  is  about  once  aud  a  half  greater  than  the 
tenacity;  in  timber  it  is  nearly  equal  to  the  teoucity  across  the 
grain.     (3ee  the  Tables,  page  47Q.) 

424.  sitTMtb  cr  FaMcBiacB  an4  JsIbi-pih*. — The  connecting 
pieces  already  referred  to  as  being  expused  to  the  action  of  a  shear- 
ing force  may  be  distinguished  into  Jatleningg,  such  as  rivets,  keys, 
wedges,  gibn  and  cottara,  and  screws,  by  which  two  pieces  are 
secured  together  so  as  tti  act  as  one  piece;  and  joint-piriB,  by  which 
two  pieces  are  so  connected  as  to  be  free  to  turn  about  the  joint. 
It  is  obvious  that  the  figure  of  a  joint-pin,  as  well  as  that  of  the 
bole  or  socket  in  which  it  works,  must  be  that  of  a  surface  of 
revolution,  such  as  a  cii-eular  cylinder;  and  that  the  fit,  thongh 
accurate,  must  be  easy,  like  that  of  an  axle  in  its  bearings.  Most 
fastenings  and  joint-pins  are  exposed  to  a  bending  as  well  as  to  a 
shearing  action,  and  in  some  cases  the  most  severe  stress  is  that 
arising  from  the  bcuding  action;  but  in  other  cases  the  most  severe 
Mtress  is  that  produced  by  the  shearing  load.  These  latter  cases 
are  as  follows  : — All  rivets,  keys,  and  other  faslenings  which  are 
tightly  jammed  in  their  holes;  all  cylindrical  joint-pine,  fixed  at 
one  end,  iu  which  the  length  of  the  loaded  part  is  less  than  one- 
third  of  the  diameter;  and  all  cylindrical  joint-pins,  fixed  at  both 
ends,  in  which  the  length  of  the  loaded'part  is  less  than  two- 
thirds  of  the  diameter. 

In  order  that  the  shearing  strcai  on  a  connecting  piece  may  bs 
uniformly  distributed  over  the  cross-section,  it  is  necessary  that 
the  fastening  sliuuld  be  held  so  tight  in  its  hole  or  socket  that  the 
friction  at  it«  surface  may  be  at  least  of  equal  intensity  to  the 
ahearing  stress;  and  then  the  intensity  of  that  stress  is  represented 
simply  by  P  -^  A;  P  being  the  shearing  load,  and  A  the  area 
which  resists  it. 

But  when  the  connecting  piece  fits  easily,  as  must  always  be  the 
case  with  joint-pinn,  the  greatat  intent'tty  of  the  stress,  to  which  the 
strength  of  the  couuecting  piece  must  be  adapted,  exceeds  the 
mean  inten»i(y  P  ^  A,  in  a  ratio  which  depends  on  the  figure  of 
the  cross-section ;  and  whose  values,  for  the  ordinary  figures,  are 

tfor  rectangular  cross-sections, ;, ;  ^^H 

for  circular  and  elliptic  cross-sections,  ^j  ^^H 

the  sectional  area  must  accordingly  be  ma'le  greaXftt  to  fti»4i^H 
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ifttio  than  the  area  which  would  haxe  been  sofficient  had  the 
connecting  piece  fitted  tightly. 

The  chief  kinds  of  connecting  pieoea,  to  which  these  principles 
have  to  be  applied,  will  now  be  considered  mfjptOMtAj. 

425.  iKiT«ui  are  made  of  the  most  tongh  and  dnctile  metaL    (See^ 
lor  example,  "  Rivet  Iron,'*  in  pages  460  and  482.) 

The  ordinary  dimensions  of  rivets  in  practice  are  as  follows  >— 

Diameter  of  a  rivet  for  plates  less  than  half  an  inch  thick,  aboat 
double  the  thickness  of  the  phita 

For  plates  of  half  an  inch  iMck.  and  Qpwaid%  about  onoe  and  a- 
haJf  the  thickness  of  the  plate. 

Length  of  a  rivet  before  clenching,  measuring  from  the  head  s 
snm  of  the  thicknesses  of  the  j^tes  to  be  ooimeeted  -^  2\  x 
diameter  of  the  rivet 

The  longitudinal  compression  to  which  a  rivet  is  sohjeeled 
during  the  operation  of  clenching,  whether  by  hand  or  by  maduiiay, 
tends  to  make  it  fit  its  hole  tightly,  and  thus  to  produce  uiiifbni 
distribution  of  the  stress;  but  as  such  uniformity  cannot  be  ex- 
pected to  be  always  realized,  it  is  usual  to  assume,  in  practioe,  thtt 
there  is  a  deviation  from  uniformity  of  shearing  stress  sufficioit  to 
neutralize  the  greater  toughness  of  ihe  metal  in  the  rivets  than  in 
the  plates  which  they  connect;  and,  therefore,  the  distance  apsii 
of  the  rivets  used  to  connect  two  pieces  of  metal  plate  together  is 
regulated  by  the  rule,  that  the  joint  aectional  area  of^  rivtt$  iM 
he  eqtial  to  tlie  sectional  area  of  plate  left  after  punehimg  Ae  rM 
holes.     This  rule  leads  to  the  following  silgebraical  £(»iiiiila>— 

Let  t  denote  the  thickness  of  the  plates ; 
d,  the  diameter  of  a  rivet ; 
n,  the  number  of  ranks  of  rivets ; 

it  being  understood  that  the  rivets  which  form  a  rank  stand  in  s 
line  perpendicular  to  the  direction  of  the  tension  which  tends  io 
pull  the  plates  asunder. 

c,  the  pitdt,  or  distance  from  centre  to  centre  of  the  adjoiB- 
ing  rivets  in  one  rank ;  then 

,       -7854  nd^  ,, , 

c  =  cZ  + (L) 


Each  plate  is  weakened  by  the  rivet  holes  in  the  ratio 

c  -  rf  -7854  n  d 


t  +  •7«54  n  d' 


.(i) 


In  **  single-twellci^^'  '^CATi\s>,'a  -  \\  ydl^^  ^'^^^ible-rivetted "  jw"*^ 
a=  2,  asid  tJhc  two  xsci^  oi  rw^^a  Vsa£v%iw^jiaai^,^;ak*elMi» 


■  BESISTASce  TO  SBEjUUSC.  4i)9 

^iTetted"  jointa,  n  mtiy  have  any  nine  greater  than  1.  A  single- 
rirctted  joint  is  weakened  by  uneqnal  diatribntion  of  the  tension 
on  the  [ilute  in  the  tatio  of  4  :  5. 

Sup|joBe  that  in  a  cbain-rivetted  joint  the  pitch  c  from  centre 
to  centre  of  the  nvets  ts  fixed,  so  as  nob  to  weaken  the  plates  below 
a  gii'to  limit;  then  in  order  to  findhowmanyranksof  rivets  there 
vluiuld  bti, — in  other  words,  how  many  rivets  there  should  be  in 
i-och  Hie, — the  following  formula  may  be  used : — 


I 


■7854  <P  ■ 


..(3.) 


Pla*.  Hrra.  Wedgn,  fSIb*.  mat  Cansn. — These  Cisteninga 
are,  like  rivets,  themselves  exposed  to  a  shearing  load,  while  they 
serve  to  transmit  a  pull  or  thrust  from  one  piece  is  framework  or 
mechanism  to  another^  and  the  rule  for  determining  their  proper 
sectional  area  la  the  same,  with  this  modi6c»tiou  only,  that  it  ia 
safptt  in  most,  if  not  in  all  cases,  to  allow  for  the  possibility  of  Ha 
easT  fit,  according  to  the  rule  stated  at  the  end  of  Article  i2i,  page 
497. 

In  order  that  a  wedge,  key,  or  cottar  may  be  safe  against  alipptDg 
out  of  its  seat,  its  angle  of  obliquity  ought  not  to  exceed  the  angle 
of  repose  of  metal  ui>on  met^,  which,  to  provide  for  the  contin- 
gvncy  of  the  smfaces  being  greasy,  may  be  taken  at  about  4". 
(Article  309,  page  349.) 

42T.  Balw  uii  Scmrt, — If  a  bolt  has  to  withstaud  a  shearing 
•tress,  its  diameter  is  to  bo  det<^ruitned  like  that  of  a  cyliudric^ 
pin.  If  it  has  to  withstand  tension,  its  diameter  is  to  be  determined 
by  having  regard  to  its  timacity.  Iq  either  case  the  effective 
diameter  of  the  bolt  is  its  least  diameter;  that  is,  if  it  has  a  screw 
on  it,  the  diameter  of  the  suudlc  inside  the  thread.  It  is  to  bo 
obsciTed,  however,  that  in  onier  to  provide  for  possible  irregularities 
in  the  distribution  of  the  stress,  it  is  customary  to  use  for  screws  a 
very  large  (actor  of  safety,  ranging  from  12  to  16;  the  mean  iu- 
tfiiaity  of  the  working  stress  on  wrooght-iron  screws  being  only 
ahout  4,000  Ihs.  on  the  square  inch,  or  2'6  kilogrammes  on  Uie 
square  millimi^re. 

The  ordinary  form  of  section  of  the  thread  of  a  faoteniag  aaitrw 
is  an  isosceles  triangle  with  the  angles  rounded;  and  acoocdiog  to 
the  proportions  recommended  by  Mr.  Whitworth,  the  angle  at  the 
.lummit  is  59°,  making  the  height  of  the  triai^le  =  0-96  of  ita  base, 
One-sijttb  of  that  height  is  taken  away  by  the  rouDdiog  of  the  edge 
nt  the  thread,  and  another  sixth  by  the  rounding  of  the  botAxnn.  t&. 
the  groove,  leaving  two-thirds,  orO'64  of  thG\MfiB-,  aiA ftB ^Jh^'^Mi* 
of  Uie  triangle  u  tbejiitch  of  the  ecisw^  tbe  |n«je*rtAoua(  X^'^ 
b  ODi  ol  the  pitch. 


I 
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The  pitch  should  not  in  general  be  greater  than  one-fifth  of  the 
•^edive  diameter^  and  may  be  considerably  less :  for  example^  one- 
tenth  and  one-twelfth  are  ordinary  proportions. 

In  order  that  the  resistance  of  a  screw  or  screw-bolt  to  mptore 
by  stripping  a  triangular  thread  may  be  at  least  eqnal  to  its  resist- 
ance to  direct  tearing  asunder^  the  length  of  the  nut  should  be  ai 
leaH  on&'half  of  the  effective  diameter  of  the  screw;  and  it  is 
often  in  practice  considerably  greater;  for  example,  once  and  a 
half  that  diameter. 

The  head  of  a  bolt  is  usually  about  twice  the  diameter  of  the 
spindle,  and  of  a  thickness  which  is  usually  greater  than  fiTe- 
eighths  of  that  diameter. 


Section  IY. — Of  Resistance  to  Twisting  and  Wrenddng, 

428.  Twiatiag  or  Tonion  fn  dcacml. — ^Torsion  is  the  conditioD 
of  strain  into  which  a  cylindrical  or  prismatic  body  is  put  wheD  t 
pair  of  couples  of  equal  and  opposite  moment,  tending  to  make  it 
Totate  about  its  axis  in  contrary  directions,  are  applied  to  its  two 
ends.  Such  is  the  condition  of  shafts  which  transmit  motive  power. 
The  moment  is  called  the  ttvisting  momentf  and  at  each  cross- 
section  of  the  bar  it  is  resisted  by  an  equal  and  opposite  moment  of 
stress.  Each  particle  of  the  shaft  is  in  a  state  of  distortion,  and 
exerts  shearing  stress. 

In  British  measures,  twisting  moments  are  expressed  in  uuk4bt, 

429.  siMMiKik  mfm  (Tyuadricai  siuiii.  {A,  if.,  321.)— A  cylindrical 
shaft,  A  B,  fig.  267  f  being  subjected  to  the  twisting  moment  oft 

pair  of  equal  and  opposite  couples  tp- 
plied  to  the  cross-sections  A  and  By  it 
is  required  to  find  the  condition  ci 
stress  and  strain  at  any  intermediite 
cross-section,  such  as  S,  and  also  tbe 
angular  displacement  of  any  croas- 
section  relatively  to  any  other. 
From  the  uniformity  of  the  figure  of 
the  bar,  and  the  uniformity  of  the  twisting  moment,  it  is  evident 
that  the  condition  of  stress  and  strain  of  all  cross-sections  is  tk 
same;  also,  because  of  the  circular  figure  of  each  cross-sectioii,  tie 
condition  of  stress  and  strain  of  all  particles  at  the  same 
from  the  axis  of  the  cylinder  must  be  alike. 

Suppose  a  circular  layer  to  be  included  between  the 

Sy  and  another  cross-section  at  the  longitudinal  distance  d  x  tm 
it.  The  twistVn^  mota^Tit  causes  one  of  those  cixMs-sectioaB  to 
rotate  relative\y  to  \)ii^  oV)ti^T)^iXy^\x\*V^<^^7ca^^€  the  cylinder,  tbroog^ 
an  angle  wYxicVi  m^.^  \»  ^eiioX^^Xs^  d  i,  "^^c^'tsE^^^^^tMA  be  two 
points  at  tlie  eame  iv&\«i«fe,  t^^tbl V5cift  vi^ ^\^i^  ts^vos^ 


Fig.  267. 


the  one  cro8s-secttoa  and  the  other  in  the  other,  vhich  pointe 
were  originallj  in  one  straight  line  parallel  to  tie  axis  of  the 
cylinder,  the  twisting  moment  ahlfta  one  of  those  points  laterally, 
relatively  to  the  other,  through  the  distance  r  d  i.  Consequently 
the  part  of  the  layer  which  lies  between  those  points  is  in  a  con- 
dition of  distortion,  in  a  plane  perpendicular  to  the  radius  r;  and 
the  distortion  is  expressed  by  the  ratio 

■"■ib <'•) 

which  varies  proportionally  to  the  distance  from  tlte  axis.  There 
ia  therefore  a  shearing  stress  at  each  point  of  tlie  cross-section, 
whoso  direction  is  {ferpeodicular  to  the  radius  drawn  from  the  axis 
to  that  point,  and  whose  iutenaity  is  proportioital  to  UuU  radius, 
being  represented  by 

—     "   ■"    m 

The  STRENOTH  of  the  shaft  is  determined  iji  the  following  man- 
: — Let  fi  be  the  limit  of  the  shearing  stress  to  which  the 
taat«rial  is  to  be  exposed,  being  the  uUiftiott  reaiutance  to  wreuch- 
ing  if  it  ia  to  be  broken,  the  proof  resistance  if  it  is  to  be  tested, 
and  the  working  resistance  if  the  working  moment  of  torsion  is  to 
bo  determined.  Let  r,  be  tlie  external  mdiua  of  the  aila  Then 
9,  ia  tlie  value  of  q  at  the  distance  r,  from  the  axis;  and  at  any 
other  distance^  r,  the  iutengity  of  the  shearing  stress  is 

w 


It.- 


7,j- 


Conceive  the  eroso-sectioa  to  be  divided  into  narrow  concentric 
rings  each  of  the  breadth  d  r.  Let  r  be  the  mean  radin*  of  one  of 
them  rings.  Then  its  area  ia  2  ^  rdr;  the  intensity  of  the  shear- 
ing Btrraa  on  it  is  that  given  by  equation  (3),  and  the  leverage  of  that 
atn'sa  n-Iativety  to  the  axis  of  the  cylinder  is  r;  consetiuently  tho 
moment  of  the  nheariug  stress  of  the  ring  in  question,  being  the 
prodnct  of  those  three  quantities,  is 

r, 

which  being  integrated  for  all  tho  rings  from  the  centre  to  the  eir- 
cumfercnce  of  the  cross-section,  givea  (or  the  momeitt  of  tonion, 
AUd  of  resistance  to  torsion, 

%  M  .  I  ,,  ^  .  ^  ,,1^; .IJ.^ 
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if  A  s  2:rj  be  i^e  diameter  of  the  eihalt. 

(^  =  l-57(»;  ^  =  0-l»6  neariy). 

If  the  axle  is  hoUoWy  h^  being  the  diameter  of  the  hollow,  tlie 
moment  of  torsion  becomes 

^  =  f6-'^^V^- (^•) 

The  following  formulse  serve  to  calculate  the  diameters  of  shafts 
when  the  twisting  moment  and  stress  are  given;  solid  diafts : — 


hollow  shafts — 


.        /51  M\i  ... 


r    5 1 M    )  i 


.(!.) 


which  last  formula  serves  to  compute  the  diameter  of  a  holloir 
axle,  when  the  raUo  Aq  :  A^  of  its  internal  and  external  dutmeter 
has  been  fixed. 

Values  of  the  ultimate  shearing  strength  of  various  substaaces 
are  given  in  the  Tables.  As  for  the  uxyrking  ttress,  a  hmg 
series  of  practical  trials  has  shown  that  wrou^ht-iron  axles  bear  a 
stress  of  9,000  lbs.  per  square  inch,  or  6*3  kilogrammes  on  thf 
square  millimetre,  for  any  length  of  time,  if  well  manu&ctured  of 
good  material,  the  factor  of  s^ety  being  about  6.  If  the  ultimate 
shearing  stress  of  cast  iron,  27,000  lbs.  on  the  square  inch,  i& 
divided  by  the  same  factor,  the  modulus  of  working  stnss  is  found 
to  be  4,500  lbs.  on  the  square  inch,  or  nearly  3*2  kilognuBUDSiM 
the  square  millimetre. 

It  is  chiefly  in  the  shafting  of  mills  that  those  laxge  apps«it 
factors  of  safety  are  met  with,  referred  to  in  Articde  414,  page  49(^ 

430.  Ancle  of  TonioMd — Supi)ose  a  pair  of  diameters,  orimaiH' 
parallel,  to  be  drawn  across  the  two  circular  end%  A  and  Ey  % 
267,  page  500,  of  a  cylindrical  shaft,  solid  or  hollow;  it  is  proposed 
to  find  the  angle  which  the  directions  of  those  lines  make  vitl^ 
each  other  when  the  shaft  is  twisted,  either  by  the  working  nioiD€D» 
of  torsion,  or  by  any  other  moment. 

This  question  is  solved  by  means  of  equation  (2)  of  Artide  435, 
page  501,  which  gives  for  the  an^le  o/tamon  per  uml  qflm^tk 
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Tbe  conditioD  of  the  shaft  being  uniform  at  all  points  of  its  length, 
tbeaboTe  qtinntity  JscoDBtaut;  and  if  x  be  the  length  of  the  shaft, 
and  '  the  angle  of  torsion  sought,  expressed  in  length  of  arc  to 

mdins  1,  we  have  — =  -;— ,  and  therefore, 
X      ax 

•'V, m 

L  Let  the  moment  of  torsion  be  the  wn-king  moment,  for  which 


tiie  value  taken  for  the  modulna,  7,,  being  the  aa/e  working  elresa. 
Then  the  angle  ottoorkmi/  tortioti  ia 

'-i!]^- <°) 


tmd  is  the  Bame  whether  the  shaft  in  solid  or  hollow.  ThiH  formiUd 
pvn  the  angle  S  in  circular  meature;  that  is,  in  arc  to  radina 
unitj*;  so  that  if  at  each  end  of  the  shaft  there  is  an  arm  of  the 
length  t/,  the  diimlaccnicnt  of  the  end  of  one  of  those  arms  relatively 
to  the  other  will  bo  y  t. 

Values  of  C,  tbe  co-efficient  of  transverse  elasticity,  are  given  in 
th«  tftblci.  In  calculating  the  working  torsion  of  wrongbt-iroa 
■baAa,  we  may  make 


...(3.) 


IL  The  proof  torsion,  to  which  a  shaft  may  be  twisted  by  a 
gradnally  applied  load  when  testing  it,  may  be  made  double  the 
working  burainn. 

UL  Ldit  the  moment  of  torsion  have  any  amount,  M,  consistent 

vith  w^tlVf.    Then  for  -  we  have  to  put  ita  value  in  terms  of  H 
said  A| ;  and  the  results  are  as  futlows : — 

For  toUil  »ha/tB,  ^  =.  — J ;  and 

'  =  V^^  =  '''■-  OAj'"*^'y: (^> 


r      -  0^  -  rfi' 


aud 
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32  Mo;  -^^j       Ma:  ,  ,-. 

An  example  of  the  application  of  equation  (4)  has  already  been 
given  in  Article  344. 

431.  The  Beaiitciice  of  «  cyliMdricai  simfi  is'the  product  of  one- 
half  of  the  moment  of  proof  torsion  into  the  corresponding  angle 
of  torsion;  and  it  is  given  by  the  following  equation : — 


"ft-  =  "^  •    ^^     ^or  a  solid  shaft;  or 
J         lb        U 


(1.) 


M  *  ^  '-.g^(^;->^'"forahoUowdiaft. 
2         IG  C^ 

432.  Shafts  II4M  circviar  In  Sectimi. — ^When  the  cross-sectioii  of 

a  shaft  is  not  circular,  it  is  oerteia  that  the  latio  ?  of  the  d«riDg 

stress  at  a  given  point  to  the  distance  of  that  point  finmi  the  axis 
of  the  shaft  is  not  a  constant  quantity  at  different  points  of  the 
cross-section,  and  that  in  many  cases  it  is  not  even  approximately 
constant;  so  that  formulse  founded  on  the  assumption  of  its  being 
constant  are  erroneous.  The  mathematical  investigations  of  M.  de 
St  Yenant  have  shown  how  the  intensity  of  the  shearing  stress  is 
distributed  in  certain  case& 

The  most  important  case  in  practice  to  which  M.  de  St  Yenan^s 
method  has  been  applied  is  that  of  a  square  shaft;  and  it  aj^eais 
that  its  moment  of  torsion  is  given  by  the  formula, 

M  =  0-281  q^  h*  nearly; 

in  which  h  is  one  side  of  the  square  cross-section. 

Section  Y. — O/Eesiatance  to  Bending  and  Cfy>89-Br9aiMg* 

433.  vtcmimtamee  to  Bcndiag  la  CtoacraL — In  explaining  the  prin- 
ciples of  the  resistance  which  bodies  oppose  to  bending  and  cross* 
breaking,  it  is  convenient  to  use  the  word  60am  as  a  general  term 
to  denote  the  body  under  consideration ;  bat  those  principles  sr^ 
applicable  not  only  to  beams  for  supporting  weights,  but  to  !«▼««• 
cross-heads,  cross-tails,  shafts,  journals,  cranks,  and  all  pieces  ui 
machinery  or  fmmework  to  which  forces  are  applied  tending  to  beiKl 
them  and  to  break  them  across;  that  is  to  say,  forces  transveise  tfi 
the  axis  of  the  piece. 

Conceive  a  beam  which  is  acted  upon  by  a  combiiiatioD  <if 
parallel  trausveT^  iot^^  >i^%.\i  V^lsxice  each  other,  to  be  divideil 
into  two  x^rta  "by  an  \ma15LTivr3  \ic«os^«wfe  ^KK^skss^\  and  oouadi^ 
^farately  the  condVtioxxa  ol  «]^x)^^tv\wssl^1  ^^c^^^^^KM^^^fia^s^  Ths 
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Fcatemal  transverse  forces  wliicli  act  ou  that  part,  and  cooatitiito 
the  load  oa  it,  do  Dot  necessarilv  balance  each  other.  Tlieir  result' 
ant  may  be  found  by  Rule  IV.  of  Article  260,  page  324.  That 
resultuut  is  called  the  Sliearing  Load  at  the  croBS'Section  under  con- 
dideration,  and  it  is  balaoced  by  the  Shearing  Stress  exerted  by  the 
particiex  which  that  croBs-sectton  traverses.  The  resultant  moment 
of  the  same  Ret  of  forces,  relatively  to  the  same  cross-section,  may 
he  foiind  by  the  same  rule ;  it  is  called  the  Bending  Moment  at  that 
croes-sectiun,  and  it  is  balanced  (if  the  beam  is  strong  enough)  by 
the  Moment  o/Streis  exerted  by  tbe  particles  which  the  cross-aectioa 
treversea,  called  also  the  Atonienl  of  Rtmslawx.  That  moment  rf 
stress  is  due  wholly  to  longitudinal  sti-ess,  and  it  is  c\itrt«d  in  the 
following  way; — The  bending  of  the  beam  caases  the  originally 
straight  layers  of  jiarticles  to  become  curved;  those  near  the 
concave  side  cf  the  beam  become  shortened;  those  near  tha 
convex  side,  lengthened;  the  shortened  layers  exert  longitudinal 
tbrruit;  the  lengthened  layers,  longitudinal  tension;  the  resultant 
thrust  and  the  resultant  tension  are  equal  and  op]X)site,  and  com- 
pose a  couple,  whose  moment  is  the  moment  of  stress,  equal  and 
opposite  to  the  bending  moment. 

In  problems  respecting  the  ti'ansverse  strength  and  stidhess  of 
beams  there  are  four  processes :  ytr«(,  to  determine  the  shearing 
load  and  bending  moment  produced  by  the  transverse  exterual 
forces  at  ilifierent  cross-sections,  and  especially  at  those  cross- 
sections  at  which  they  act  most  severely;  lecondly,  to  determine 
the  relations  between  the  dimensions  and  figure  of  a  cross-section 
of  the  beam,  and  the  moment  of  stress  which  that  cross-section 
is  capable  of  exerting,  so  that  each  cross- section,  and  especially  that 
at  which  the  bending  moment  is  greatest,  may  have  sufficient 
strength ;  Ihirdli/,  to  determine  the  relations  between  the  dimen- 
eions  and  figure  of  the  beam  and  the  deflection  producetl  by  tlia 
bending  moments,  in  order  that  the  beam  may  be  so  designed  as 
to  have  sufficient  sttflness  or  sufficient  flexibility,  according  to  it« 
purpose; 

434.    rnlrMlHilaB    af  HhcariHi    iMtdm   ■>■«    BmdiHi    DImbpiU*. — 

In  the  formulae  which  follow,  the  shearing  load  at  a  given  cross- 
section  will  be  denoted  by  F,  and  the  bending  moment  by  M.  la 
British  measures  it  is  most  convenient  to  express  the  bending 
moment  in  inek-lbt.,  because  of  the  transverse  dimensions  of  pieces 
in  machines  being  expressed  in  inches. 

The  mathematical  process  for  finding  F  and  ?tl  at  any  given 
croes-section  of  a  beam,  though  always  the  same  in  principle,  may 
be  vnried  considerably  in  delAiL  The  following  ia  on  the  whole 
the  most  convenient  way  of  conducting  it: — 

Fig.  2G8  represent  a  beam  fip/torUil  at  WlU  cads,  Mi4.\t»&t4. 
helwet-n  tbem.     Fig.  269  repreticDts  a  brocltfli   Oi»A  "«.,  ». ''wta'a^ 
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gupparted  and  ^xed  at  one  end,  and  loaded  ona  pN^eotiag  poctioiL 
p,  Q,  represent  in  each  case  the  svpporting  foroee;  in  fig.  268,  Wp 


Fig.  268. 


W^  Wjp  &ay  represent  portiona  of  the  load;  in  fig.  269,  W^  ie> 
l^esents  the  endmost  portion  of  the  load,  and  Wj,  W^,  W,,  oUier 
portions;  in  both  figures,  Aasj,  Aao^,  Aa^,  ^,  denote  the  lengths  of 
the  intervals  into  which  the  lines  of  action  of  the  portions  of  the 
load  divide  the  longitudinal  axis  of  the  beam.  The  forces  marked 
W  may  be  the  weights  of  parts  of  the  beam  itself,  or  of  bodiet 
carried  by  it ;  or  they  may  be  fcnrces  exerted  by  moving  pieces  in  a 
machine  on  each  other ;  or,  in  short,  they  may  be  any  extensl 
transverse  forceSb  If  the  body  called  the  beam  is  a  shaft,  P  and 
Q  will  be  the  bearing  pressurea 

The  figures  represent  the  load  as  applied  at  detached  points; 
but  when  it  is  continuously  distributed,  the  length  of  any  in* 
definitely  short  portion  of  ^e  beam  may  be  denoted  by  <^  x,  the 
intensity  of  the  load  upon  it  per  tmil  of  letigth  by  to*  and  the 
amount  of  the  load  upon  it  by  to  <^  a:. 

The  process  to  be  gone  through  will  then  consist  of  the  following 
steps : — 

Step  I.  To  Jmd  the  Supporting  Farcee  or  Bearing  Prmmre^  P 
and  Q. — Assume  any  convenient  point  in  the  longitndinal  axis 
OS  origin  of  coordinates,  and  find  the  distance  x^  of  the  reanltiat 
of  the  load  from  it^  by  Rule  lY.  of  Article  280,  pages  324,  U5; 
that  is  to  say, 

2a;W 


or 


m 


2W  ' 

I  xwdx 

^^~7~^ — 
/  wdx 

Then,  by  Rule  II.  of  Article  280,  page  323,  find  the  two  w^ 
porting  forces  or  \)e&T\n^ ^T^fitsaT^i^  P  and  Q  ;  that  is  to  say,  Iel» 
be  the  resultant  \oa^)  and.  ^  ^  «sA  ^^  \\a  ^fiaduU»«.  tmi  th» 
points  of  support  \  anOL  ma^Le 
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>  BEKDIKG    SOMENTS. 


PQ:PR:QR1 
::It  :    Q    :   P.    ^ 


..(3.) 


Stzp  II.  To  find  the  Shearing  Loads  at  a  Sdriea  of  Section*. — In 
i*lwt  position  soever  tbe  origin  of  co-ordinates  may  ba,ve  been 
doriiig  the  previous  step,  sBsumo  it  now,  in  a  beam  supported  at 
both  ends,  to  be  at  one  of  the  points  of  support  (as  A,  fig.  268),  and 
in  &  bracket  to  be  at  the  loaded  jKiint  fartbcut  ftom  the  fixed  end 
(as  A,  fig.  2Cy),     Consider  P  as  poaitire  and  W  aa  negative. 

Then  the  aliearing  loud  in  any  given  intcrvnl  of  the  length  of 
the  beam  is  the  resultant  of  all  the  forces  acting  on  the  beam  from 
the  origin  to  that  interval;  so  that  it  Las  the  series  of  values. 


In  Fig.  2G8. 

r„  =  P; 

F,,  =  P— W,: 


In  Fig.  209. 
_  F„  =  Wo  +  Wi  +  W,  +^3 


-2-W;...{4.) 


..(5.) 


so  that  the  shearing  loads  which  aet  in  a  series  of  intervals  of  the 
Imgth  of  the  beam  can  be  computed  bjr  successive  subtmctiona  or 
snccesdve  additionx,  as  the  case  may  be. 

For  a  continuously  distributed  load,  these  equations  beooue 
respectively, 

In  a  beam  supported  at  both  ends,  F  =  P  — j     todx;  (6.) 

In  a  bracket, —  P^J^wrf*;  (7.) 

in  which  enpresaions,  x*  denotes  the  distance  from  the  origin,  A,  to 
the  plane  of  section  under  consideration. 

The  poHtivo  and  negative  signs  distinguish  the  two  contrary 
(ttrecliona  of  the  distortion  which  the  shearing  load  teuds  to 
produce. 

The  flnMMt  MwariBs  i.«d  flcU  in  a  beam  supported  at  both 
ends,  cloK  to  one  or  other  of  the  points  of  support,  and  its  valuo 
is  either  P  or  Q,  In  a  bracket,  the  greatest  shearing  load  on  the 
projectii^  part  acts  close  to  the  outer  point  of  support,  and  its 
value  is  equal  to  the  entire  load. 

In  a  Iteam  snpported  at  both  ends  th<<  SlmiTlaK  lisad  taalakok 
or  changes  from  positive  to  negative,  at  rninte  intemiediate  section, 
whnec  position  may  be  found  from  equation  (4)  or  equation  (G),  tiy 

'  "    5  F  =  0.     At  the  second  point  of  support,  F  =  —  Q. 

.   To  find  the  Btrtdinif  MomtiU  at  a  Serlai  of  Seetion*. 
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At  tlie  origin  A  there  is  no  bending  momenL  Ualtiplj'  di 
length  of  each  of  the  intervals  A  x  of  tbe  loDgitwEiial  ani  af  lb 
beam  by  the  shearing  load  F,  which  acts  throughout  ibat  iatRnl^ 
the  first  of  the  products  so  obtained  is  the  bending  a 
the  inner  end  of  the  first  interval;  and  by  adding  la  il 
products  successively,  there  are  obtained  ttuceewTel;  tlie  I 
moniente  at  the  inner  ends  of  the  other  intervals.* 
That  is  to  say, — bending  moment 

at  the  origin  A ;  Mj  =  0 ; 

at  the  line  of  action  of  W^;  M,  =  F^  •  A  a'l  ; 

„  ,.  ,.  W,;M;  =  Fo,-Aa^  +  F„A»M  1 

ic.  *c. 

and  generally,  HI  =  2  ■  ¥ ^x 

^'  the  diviaumM  A  '  are  of  eqtuU  lengtlu,  this  beeomei 

M  =  Aa:-2F; 

and  for  a  continuooaly  distributed  load, 

T&^j'vdx (1*» 

Substituting  for  F,  equation  (10),  its  valne«  as  giren  l?")* 
tiuns  (6)  and  (7)  respectively,  we  obtain  the  following  ti 
For  a  beam  supported  at  both  ends, 

=  ViX-j''{x-x)v}di; 

For  a  beam  fixed  at  one  end, 

-M=|''|"wJx*=  _/""(«■-«)«.<(*; 

in  the  latter  of  which  equations  the  symbol  -  M  « 
bending  moment  acts  duwaWH,rda 

The  GmicR  KemMmt  nsMcat  acts,  in  a  bracket,  al  th>^ 
point  of  support ;  and  in  a  beam  supported  at  bot^  e 
section  where  the  shearing  load  vanishes. 

Step  IV.  To  deduce  tlit  Shearing  Loeul  and  Bmdi-g  Mm 
otie  Beam  from  thote  in  another  Beam  HmOitrty  ntypmitd 
loaded.— T)!^  is  done  by  the  aid  of  the  following  princtpks^H 

Whm  beams  differing  in  kngtlt  ajid  in  the  atnim>tU  V<4 
wpOTi  them  are  simiUtHi/  tupporled,  arid  hoM  their  load*  «■    " 
tributed,  tfie  shearing  load»  at  eorregpandtju}  aeetictu  I'a  tl 
^  •  Sec  Mr,  HerUrt  Latbam'a  work  On  /rat  S 
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a  Mai  loadi,  and  the  bending  vtomenls  as  the  pnduete  of  the  loads 

td  lengt/ts. 

The  length  between  the  points  of  mippoi-t  of  a  beam  giipported  at 

«  eniia,  as  in  fig.  IliiS,  is  often  calleil  the  span. 

435,  BnBpin. — In  the  following  forniiile,  which  are  examples 

the  application  of  the  principles  of  the  precedinf^  Article  to  the 

ses  which  occur  most  frequently  in  practice,  W  denotes  the  total 
i»d; 

tp,  when  the  load  is  diatributed,  the  load  per  unit  of  length  of 
le  beam; 

e,  in  brackets,  the  length  of  the  free  part  of  the  bracket ; 

t,  in  beams  either  loaded  or  sapported  at  both  ends,  the  half 
nn,  between  the  extreme  points  of  load  or  support  and  the 
liddte; 

H,  the  greatest  bending  moment 

J  end  and  loaded )        M  —  c  W        (l\ 

IL  Bracket  fijied  at  one  end  and  uni- 1  eW     wi^    ... 

formly  loaded / -"^  =  ~2"="2~  '^■' 


.   supported  at  both  ends  i 


7.  Beam  supported   at   both   ends  and  1  ^^^      cW      w  c*    ... 
uniformly  loaded, |M_  -|-=-2-    (5.) 

VI,  If  a  beam  has  equal  and  oppo(at«  couples  applied  to  its  two 
ida;  for  example,  if  the  beam  in  fig.  270  ha.t  the  couple  of  equal 
kd  opposite  forces  P^  applied  at  A  and  B,  and  the  couple  of 
[oal  and  opposite  forces  Pj  at  C  and  D, 
id  if  the  opposite  moments  P,  ■  A  B 

P,  ■  C  D  =  M  are  equal,   then   each 

the    endmoat   divisions,  A  B   and 

D,  IB  in  the   condition  of  a  bracket 

at  one    end  and    loaded 
her    (Exanmle    I.) ;    and  the  middle  Fig.  270. 

vision,  B  C,  is   acted    upon    by  the 
tiform  bending  moment  M.  and  by  ui>  sheanng  load. 

VII.  Let  a  beam  of  the  half-span  c  bo  loaded  with  au  uni- 
rmlj  distributed  load  of  w  units  of  weight  jier  unit  of  span  ;  and 
.ft  point  whcse  distance  from  the  middle  of  the  span  is  a,  let 


l^t  ftr ^1 
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be  applied  an  additJoDal  kad  W.     It  is  required  to  find  «. 

tance  from  tho  middle  of  the  span  at  which  the 
moment  ia  eatei-ted,  and  il,  that  gr«at«et  moincaL 
Mako 


then  the  solutions 
Case  1.— When 


Case  3,— When 


J 

4 


!^(l  +  2„)(l-5). 


In  the  following  case  both  seta  of  formulK  gi 

when—  ^-r — ; — :  x  =  a^in(e  —  o);  and 

c       1  +  m  ' 

--r-a^r 

436.  BendlMB   IIImwbU   pM«Kc>J    kr   IiHastti 

Fanic^ — When  a  bar  is  acted  upon  at  a  ^vcn  c 
external  force,  whose  line  of  action,  whether  transrene,  aU>|K  ' 
parallel  to  the  axis  of  the  bar,  does  not  tnverae  Um  emm  ^  \ 
magnitude  of  that  cross-section  (we  Article  293,  pmgt  SH^'k 
force  exerts  a  moment  upon  that  cross-section  eqital  to  ikf  gM*  I 
of  the  force  into  the  jterpendicalar  distance  of  ite  line  J  •>■■  | 
from  the  centre  of  the  crosa-ecction,  and  that  momeiit  ■>  b  ^ 
ImluQced  by  the  mornent  of  lon^tudinal  stress  st  the  en^iMSB 
The  external  force  ma^  be  r«solved  into  a  Itn^itodtdtl  i^* 
traiiBversc  component.     Tho   longitudinal  component  is  U^  I 
by  an  nntfbrm  longitudinal  tension  or  preHure,  as  the  cms  "V*^  I 
exerted  at  the  croas-seclion,  and  combined  with  t"  """ 

resists  the  bending  moment;  and  tho  txauBveia 
Mated  by  shearing  stress. 

437.  MoMcBi  mtmrm     •TgaMTt—  tre— Ih. — ^Tbe    I 

ment  at  each  cross-section  of  a  beam  bends  tho  b 

any  originally  plane  longitudinal  layer  of  the  b. 

to  tho  plane  in  which  the  load  acts,  become  concmTe  mllw4 

towards  which  the  moment  acta,  and  ooai'ex  in  tka  ^ 
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direction.     Thns,  fig.  271  represents  a  side  view  of  a  Bhort  portion 

of  a  bent  befltn ;  0  C  is  a  Ujer,  origiimllj 

pl&ne,  which  is  now  bent  so  as  to  become 

concavo  at  one  side  and  eouvex  at  tho 

other. 

The  layers  at  and  near  the  eoneave  side  ^ 
of  the  beotn,  A  A',  are  ahortetied,  ond  the 
]»yera  near  tho  convex  side,  B  B',  length-  Fig,  -271. 

•ned,  b,T  the  bending  action  of  the  toad. 

There  is  one  intermediate  snrfsce,  O  0',  which  is  neither  lengthened 
nor  shortened ;  it  is  called  the  "  titatrcU  sur/ace."  The  particles  at 
that  surface  arc  not  necessarily,  however,  in  a  state  devoid  of 
Btnin;  for,  in  common  with  the  other  partieles  of  the  beam,  they 
are  compressed  and  extended  in  a  jioir  of  diagonal  directions, 
tnaking  angles  of  45°  with  the  neutral  surface,  by  the  ahearbg 
action  of  the  load,  when  such  action  exists. 

The  condition  of  the  particles  of  a  beam,  produced  by  the  com- 
Uned  bending  and  Bhearing  actions  of  the  load,  is  illustrated  by  fig. 
373,  which  represents  a  vertical  longitudinal  section  of  a  rcctAngular 
beam,  8<ip]K)rted  at  the  ends,  and  loaded  at  intermediate  points. 
It  is  covered  with  a  network  consist- 
ing of  two  sets  of  curves  cutting  each 
other  at  right  angles.  The  i 
convex  upwards  are  lintt  oj  direct 
thrvtt;  those  convex  downwards  are  Fig.  872. 

tiftct   of  direct   tension.     A    pair   of 

tangents  t^)  the  pair  of  curves  which  traverse  any  particle  are  the 
axa  of  strrgs  of  that  particle.  The  neuiroi  ewjaee  Is  cut  by  both 
•ete  of  carves  at  angles  of  45".  At  that  vertical  section  of  the 
beam  where  the  shearing  load  vanishes,  and  the  bending  moment  is 
CTcatest,  both  sets  of  curves  become  parallel  to  tho  neutral  surface. 

When  a  beam  breaks  under  the  bending  action  of  its  load,  it 
ribrea  way  either  by  the  crushing  of  the  oompteseed  side]  A  A',  or 
1g  the  tearing  of  the  stretched  ude,  B  B*. 

In  fig.  273,  A  represents  a 
B  of  a  graunlur  material,  like 
-  iron,  giving  way  by  the 
hiog  of  the  compr^is-iwl  side, 

%  of  which  a  sort  of  wedge  is  pig,  173. 

loroed      B   represents  a  beam 

ipving  way  by  the  tearing  asunder  of  the  stretched  nda 

Ttie  Tf-nittunce  of  a  beaui  to  bending  and  cross-breaking  tt  KOy 
given  cross-section  ia  the  moment  of  a  conjilc,  consisting  of  tlie 
throst  along  the  longitudinally -com  pressed  layers,  and  the  equiJ 
and  op[)osit«  tension  along  the  longituditally-stretched  layers. 

It  bai  Wen  found  by  experiment,  that  in  most  cases  which  o 
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in  practioe,  the  longitadinal  stress  of  the  Ia3rer8  of  a  beam  mtj, 
without  material  error,  be  assumed  to  be  umforndy  varying^  its 
intensity  being  simply  proportional  to  the  distanoe  of  ^e  layer 
from  the  neutral  surface. 

Let  fig.  274  represent  a  cross-section  of  a  beam  (such  as  that 
represented  in  fig.  271),  A  the  compreaaed  side,B 
the  extended  side,  C  any  layer,  and  O  O  the  nadrd 
axis  of  the  section,  being  tiie  line  in  which  it  is  cot 
o — \'f' — ^  by  the  neutral  surface.     Letp  denote  the  intensity 
of  the  stress  along  the  layer  C,  and  y  the  distanoe 
of  that  layer  finom  the  neutral  axis.     Because  the 
stress  is  uniformly  varying,  p  -r-  y  is  a  oonstant 
Fig.  27i.      quantity.    Let  that  oonstant  be  denoted  for  the 
present  by  a. 
Let  z  be  the  breadth  of  the  layer  C,  and  d  yits  thicknees; 
Then  the  amount  of  stress  along  it  is 

pzdy  =  ayzdy; 

the  amount  of  the  stress  along  all  the  layers  at  the  given  croflB- 
section  is 


a  f  yzdy; 


and  this  amount  must  be  nothing, — ^in  other  words,  the  total  tbnift 
and  total  tension  at  the  cross-section  must  be  equal, — ^became  the 
forces  applied  to  the  beam  are  wholly  transverse;  from  which  it 
follows,  that 


j  yzdy^O, (1.) 


and  the  nefiUral  axis  traverses  the  centre  of  magnitude  of  the 
section.     This  principle  enables  the  neutral  axis  to  be  found  by  the 
aid  of  the  methods  explained  in  Article  293,  page  334. 

To  find  the  greatest  value  of  the  constant  p  -r-  y  consisteDt  with 
the  strength  of  the  beam  at  the  given  cross-section,  let  3f«  be  the 
distance  of  the  compressed  side,  and  y^  that  of  the  extended  side 
from  the  neutiul  axis ;  /,  the  greatest  thrust,  and  /^  the  greatest 
tension,  which  the  material  can  bear  in  the  form  of  a  beam ;  ooa- 
putey^  -f-  y,,  and/j  -^  y^,  and  adopt  the  less  of  those  two  quaiititi«« 
as  the  value  of  je?  -;-  y,  which  may  now  be  denoted  by  f -^  9y 
y^being^^  ot  fy  and  y^  being  y^  or  y»,  according  as  the  beam  « 
liable  to  give  way  by  crushing  or  by  tearing. 

For  the  best  economy  of  material,  the  two  quotients  ought  to  be 
equal;  that  is  to  say, 

^Ji      ll*      Mv  h     ' ^ 

aud  this  gives  ^\iat  \a  cs^^  «i  crota-iMXvm  ^{  tqynX  ite^n^k 
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relntively  lo  the  neutral  axia,  of  the  stress  o 
ig  any  given  Li^er  ol'  tbii  ci-oss-sectioii,  is 


ypzdy  =  ^  y'idy; 


KtiA  the  mm  of  all  such  moiaeotfi,  being  the  uojiekt  of  stress,  or 
MOMENT  OF  HE8ISTANCS  of  the  given  cross-aectiou  of  the  beam  to 
breaking  ucruss,  is  given  by  tlii:  formula, 

M  =  jp  y  idy  =  -^  jt^sdy; 

«r  making j y^ zdy  =  I, 

M./l     .._ 


Whpn  the  breaking  load  is  in  c]ueatioD,  the  co-offieient/ is  what 
is  called  the  modulus  of  rupture  of  the  material. 

When  the  proof  load  or  uxtrking  load  m  in  (jueation,  the  co- 
efficient f  is  the  modulus  of  rupture  divided  by  h  suitable  factor 
(ff  mifely,  which,  for  the  woi-king  stress  in  parta  of  machinery  that  ^H 
are  made  of  metal,  is  usually  G,  and  for  the  parts  made  of  wood,  10.  ^H 
Thus,  the  vjorkinff  vtodulv*  f'm  usually  it,000  lbs.  on  the  square  ^| 
inch  for  wrought  iron,  4,500  fur  cast  iron,  and  from  1,000  to  1,200  ■ 
for  wood.  ^H 

The  factor  denoted  by  I  in  the  preceding  equation  is  what  is  ^H 
called  the  "  geometrical  moment  of  inertia  "  of  the  oroas-section  of  ^^t 
the  beam.  For  sections  whose  figures  are  similar,  or  are  parallel  ^H 
projectiona  of  each  other,  the  momenta  of  inertia  are  to  each  other  ^H 
as  the  breadths,  and  as  the  cubes  of  the  depths  of  the  sections;  and  ^H 
the  values  of  y,  are  as  the  depths.  If,  therefore,  b  be  the  breadth  ^M 
■ad  A  the  depth  of  the  rectangle  circumscribing  the  cross-section  of  ^^ 
K  given  beam  at  the  point  where  the  moment  of  streas  u  greatest, 
-we  may  put 
_  I  =  ,*-6/.», (3.) 

»  =  »•'*. {*•)       M 

JjtutA  m-  Wing  numerical  factors  depending  on  the  form  of  section;    ^H 

rt'  -t  m'  =  n,  the  moment  of  resistance  may  be  thna     ^^M 

M  =  n/6;A {5.)         ■ 

..  ..,  ,je«r8  that  the  reavlaneet  of  similar  cross- seciwn*  to 

9-bnai:iny  areeu  tAeir  breaJcki  and  as  (A«(N]uare«  o/tJ«evT  <ia|^)<iS- 
2  L 
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Another  way  of  expreanng  the  moment  of  icriatuiee  is  as 
follows : — Let  S,be  the  sectional  area  of  the  beam,  then  we  have 

I  =  ^'A«S; ..(3  a-) 

in  which  kf  h^  is  the  radius  ofgyraiion  of  the  cross-section,  k  being 
a  numerical  factor  depending  on  the  form  of  aectioou  Then  mskinj; 
I;!  -7-  m'  =  k,  the  moment  of  resistance  may  be  thus  ezpcesasd : — 

M  =  k/k  S (5  a) 

The  relation  between  the  load  and  the  dimensions  of  a  beam  is 
found  by  equating  the  value  of  the  greatest  bending  moment  in 
terms  of  the  load  and  span  of  the  beam,  as  given  in  Artidoft  4Zi 
435, 43G,  pages  505  to  510,  to  the  value  of  the  moment  of  resistancs 
of  the  bc^,  at  the  cross-section  where  that  greatest  bending 
moment  acts^  as  given  in  equation  (5)  or  equation  (5  a)  of  tim 
Article. 

The  depth  h  ia  usually  fixed  by  considerations  of  stiffiiesB,  to  be 
explained  further  on;  and  then  the  unknown  quantity  is  erthfr 
the  breadth,  6,  or  sectional  area,  8,  according  as  equation  (5)  or  eqiu* 
ikon  (5  a)  is  made  use  of.  Sometimes,  as  when  the  croeo  section  is 
circular  or  square,  we  have  b=:h;  and  then  we  have  ^,  instead  of 
6  h^  in  equation  (5),  which  is  solved  so  as  to  give  h  by  extraetioa  d 
the  cube  root  The  following  are  the  formula  for  these  caknla* 
tions : — 

b  =  —FTp; « (7.) 

and  when  h  =  b, 

*-Q*. -f-' 

»  =  F7A- -^^^ 

In  finding  the  value  of  the  geometrical  moment  of  inertia  I  d 
cross-sections  of  complex  figure,  the  following  rules  are  useful:— 

If  a  complex  cross-section  is  made  up  of  a  number  of  fliinpk 

figures,  conceive  the  centre  of  magnitude  of  each  of  those  fignrtf 

to  be  traveled  by  a  neutral  axis  parallel  to  the  neutral  axis  of  tk 

whole  section.     Find  the  moment  of  inertia  of  each  of  the  om- 

ponent  figures  relatively  to  its  own  neutral  axis;  multiply  its  tii* 

by  tho  square  of  the  distance  between  its  own  neutnd  axis  ai 

the  neutral  axis  of  the  whole  section ;  and  add  together  aD  tk 

results  80  Cound,  iox  ^i>[iQ  m^m^wt.  of  inertia  of  the  whole  Mctioa 

To  express  t\iiB  m  «;;rD\M:\t^\<!X.  ^  \^  ^<^  %aE»^  <it  unj  one  of  ^ 

compouent  figorea,  ^  ^Vc^  d^\asi^  ^^l^^tasQKaD^^xa.^ssAtk 
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neutral  axis  of  the  whole  section,  I'  its  Tnoment  of  inertia  relatively 
to  its  own  neutral  axis;  then  the  moment  of  inertia  of  the  whole 
section  ia 

I  =  S'I'  +  2-y'^A'. (a) 

When  the  figure  of  the  cross-section  am  be  made  by  tatitig 
away  one  Eimi'ler  figure  from  another,  both  the  area  and  the 
moment  of  inertia  of  the  subtracteit  tigure  are  to  be  considered 
as  negative,  and  so  treated,  in  making  use  of  equation  (8). 

Examples  of  the  Numerical  Factors  Hf  Equations  (3),  (4), 

(5),  AKD   (7). 
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ETAMFT.KS  OP  THS  NUXKBICAL  FaCIOR  ib  IS  EqUATIOKS  (5a) 

AHD  (7b)i 

If 

L  Kectaogle, ^. 

o 

IL  Ellipse  and  circle, --. 

IIL  Hollow  rectangle, 

8  =  bh-b'  h;  alaol-flhaped 

section,  b'  b^ng  the  sum  of  « #  .  ,3 

the  depths  of  the  lateral  1  -  ^A 

hollows, ^^ 

IV.  HoUow square,  S  =  A«  -  A*...  l(l  +  Q. 

V.       Do.,         very  thin  (approz.),  -. 

•J 

YI.  HoDoweUipse, ^(l  .  ^  .  (i  .  ^ 

VIL  Hollow  circle, S  0  ^  ^D' 

VIIL       Do.,        very  thin  (approx.), 

IX  T-shaped  section;    flange   A,  ^  ,^ 

web  C ;  S  =  A  +  C  (approx.),  C  (C  -i-  4  A) 

6  (C  +  A)  (C  +  2  A)' 
X.  I-shaped  section;  flanges  A,  B; 
webC;  S  =  A  +  B  +  C;  the 
beam  supposed  to  give  way  at  ^  -^     ^  .      ,  _ 
the  flaninTapprox.),........  C(C^4  Ah-4  B)^  12  AB 

^       '^^       ^'  6(C  +  2B)(A  +  B  +  C)   • 

X.  A.  Do.,         do.,         the  beam  sup- 
posed to  give  way  at  the  flange  p.p        A  ^  A  ii\^  1^  A  tt 
B  (approx.), O  (0->-4  A^4  B).f  12  AB 

6(C  +  2A)(A  +  B  +  C) 
XL  I-shaped  secWon,  m\.\i  Q(\ual 

flangeaiL=l^-,^  =  ^^'iK       ^ 

(approx.), -^\V  ^  ^-;^. 
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■.•BsliBillBal    BcclUu    •£    SairBnn    Stnastk    are    thoso    ill 

which  the  dimeuBions  of  the  croes-section  are  varied  in  aach  )t 
manner  that  ite  safe  working  moment  of  reaistance  is  equal  to  the 
-workiDg  hending  moment  at  each  section  of  the  heam,  and  not 
merely  at  the  section  where  the  bending  moment  is  greatest  That 
moment  of  resistance,  for  figures  of  the  same  kind,  being  pronor- 
tioual  to  the  breadth  and  to  the  square  of  the  depth,  can  be  varied 
either  by  varying  the  breadth,  the  depth,  or  both.  The  law  of 
variation  depeuds  upon  the  mode  of  variation  of  tite  moment  of 
flexure  of  the  beam  from  point  to  point,  and  this  depends  on  the 
distribution  of  the  load  and  of  the  supporting  forc«H,  in  a  way 
which  has  been  stated  in  jirevioua  Articles.  When  tlie  depth  of 
the  beam  is  made  uaifonn,  and  the  breadth  varied,  the  vertical 
longitudinal  section  is  rectangular,  and  the  horizontal  longitudinal 
section  iii  of  a  figure  depending  on  the  mode  of  variation  of  the 
breadth.  When  the  breadth  of  the  beam  is  made  uniform,  and  the 
flepth  varied,  the  horizontal  longitudinal  section  is  rectangular, 
snd  the  vertical  longitudinal  section  is  of  a  figure  depending  on 
the  mode  of  variation  of  the  depth.  When  the  beam,  or  the  body 
which  acta  as  a  beam,  is  of  circular  cross-section,  so  that  the  breadU) 
and  depth  are  equal,  each  being  a  diameter  of  the  crosa-aection,  the 
diameter  varies  as  the  cube  root  of  the  bending  moment  This 
case  occurs  in  axles  which  are  exposed  to  a  bending  moment,  and 
not  to  a  twisting  moment  The  following  are  esamplta  of  the  t'emtlta 
of  those  priociplea: — 

I.  Fixed  at  one  end,  loaded  at  the  other;  b  A*  variea  m  the 
distance  from  the  loaded  end. 

II.  Fixed  at  one  end,  uniformly  loaded;  6  A*  varies  as  the  square 
of  distance  from  the  free  end. 

III.  Supported  at  ends,  loaded  at  an  intermediate  point;  (A* 
Tkries  aa  the  distauce  from  the  adjacent  point  of  Nup|Mirt 

IV.  Supported  at  ends,  uniformly  loaded;  bh-  varies  aa  the 
product  of  the  distances  from  the  points  of  support. 

In  apjiiying  the  principles  of  this  Article,  it  is  to  be  borne  in 
mind  that  they  do  not  bike  the  a/uaring  load  into  aooonnt;  and 
that,  consequently,  the  figures  described  in  the  above  ^'Tomnltf 
may  require,  at  and  near  the  point*  when  the  shearin|;  load  ia 
greatest,  some  additional  sectional  area,  to  enable  them  to  wilit- 
stand  that  load,  especially  in  examples  IIL  and  IV.;  for  in  tliaaa 
casca  the  shearing  load  ia  greatest  at  the  points  ol'  support,  wben 
there  ia  no  bending  moment. 

43&.  Orattttmm  94  Bcuh. — Fonr  aorta  of  prDblems  occnr  in  con- 
nection with  the  deflection  and  the  stifinets  of  beams ;  jirtt,  to  find 
the  yroof,  or  jrtalat  iafe  ilrfierium,  being  the  deflection   nnder  the 
proof  load ;  teamiUy,  the  dtrfltctiun  under  any  given  load,  not  c 
coediug  the  proof  load;  thirxUy,  to  find  the  dimensions  of  a  b 
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vlticli  ahall  have  &  given  de&wtioD  nudar  its  pnat  loard,  or  nnder 
some  other  given  load ;  JbwtUg,  from  tho  ot«erv«d  dafiaetion  it  nuj 
be  required  to  deduce  the  intanB^  of  tbe  moat  bsvob  ttnm. 
The  following  are  the  mle«  : — 

To  find  the  cumMutw  (tbrt  is,  the  nwrproe*!  at  tiM  ndiiu  of 
onrratore)  of  an  originally  Btnd|^  b«sm  Kt  *  given  ons^ 
section. 

L  The  cross-section  under  its  {«Dof  stream  Divide  the  p«mf 
stress  (/i)  by  the  distance  of  the  most  severdy-strsined  puticlea 
from  the  neutral  uis,  and  by  the  modulus  of  elasticity;  the 
quotient  will  be  the  proof  earvatttrv; 

l=h <■■' 

IL  The  bending  moatent  given.  Divide  the  bending  moment 
by  the  moment  of  inertia  of  the  given  eroos-aeetion  (see  Article 
437,  page  513),  and  by  Uie  modnlnB  of  elasticity  of  the  matoial. 
In  symbcla,  let  r  be  the  radius  of  corvature ;  then 

r~Er ^■■' 

III.  To  find  the  indination  of  the  longitudinal  axis  of  the  bmni 
to  its  original  direction  at  a  given  point.  Divide  the  length  of 
the  beam  into  small  intei-vala  (t^x);  multii^y  the  length  of  eacb 

interval  by  the  curvature  at  its  centre  I  giving  the  product — I, 

add  tt^ther  the  products  for  the  intervals  from  a  point  where  thr 
beam  continues  hcrizotital  to  the  point  where  the  inclioattoo  it 
required ;  the  sum  will  be  the  requtied  inclination ;  that  is, 


-!~ 
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IV.  To  find  the  deflection.  MultijJy  the  length  of  each  roull 
interval  by  its  inclination  (obtaining  ^le  product  idx);  add.to- 
gather  those  products  for  the  intervals  extendinff  between  thr 
hi^iest  and  lowest  points  of  the  beam ;  the  sum  will  be  the  reqoind 
deflection ;  that  is,   . 

w 


=/., 


The  preceding  is  the  general  method.  The  following  an  ^woil 
nles: — 

Let  c  be  tbe  ho^-spon  <A  &'\]ieu&  niY^sAit^  «t  both  ends,  or  the 
length  of  &  btaAet  tx%4  a,\.  «na  eiA-,  Vwaa  «ita«afc^!0(ji»...«^i^tfe 
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Etreas ;  m'  It,  the  distance  of  the  moat  ficvorcly-straineil  layer  from 
the  neiitral  axis;  I,  tfao  moment  of  inertia  of  the  greuttist  oroas- 
section  ;  m",  n",  m",  n",  numerical  factors  (see  Table  below). 
V.  Greatest  inclinfttioii  nntler  proof  load  ; 


VI.  Pi-oof  doffection 


*>~K  «■/.=  ■ 


(5.) 


Vir.  Greatest  ificHiiatioa  under  n  given  lond,  W; 


1  Till.  Defection  ander  a  given  load,  W; 


L  Gnifoiui  Gbosb-Section. 

I.  Constant  Moment  of  Fles- ' 


lojn    l>«a«U[m. 


}  I 


II.  Filled  at  one  end,  loaded  > 

I    HI.  Fixed  at  one  end, 

formly  loaded, 

rV.  Supported  at  both  ends,  \ 

lo«ded  in  middle, ) 

V.  Supported  at  both  ends,  1 
uniformly  loaded, | 


§SL  TTkiporm  Strenqtu  axd  Uki- 

POHM  Depth. 
B^he  cnrvatnrc  of  these  is  uniform.) 
I   VL  Fixed  at  one  end,  loaded  ) 

atother, J 

.  fixed  nt   one  end, 
formly  loaded,,.... 
.  SuppoT^  at  both 
loadea  in  middle, 
I  IX.  Supported  at  both  enda,  I 
nnifonnlf  loaded........  J 


2 

3  ■  ■ 

■■  a  

J  ... 

..  -   

C.  Uniform  Strength  asd  TTia- 

FOKIl   BUEAIVTH. 

X.  Fixed  at  one  end,  loaded  1  ^  2 

atother, J  "  3  

XI.  Fixed  at  one   end,  nni- 1  .-,.,,         .  ,  . 

formly  loaded, I  infinite  1        ofimto 

XIL  Supported  at  both  ends,  1  „  2 

loaded  in  middle, |  "  3  ^    ■■■ 

^'"-  '"ESlfl.^S,"'^}  1«»«  »-5™8  0.39H  . 


I 


IX.  Given,  the  half-span,  e,  and  the  irUendtJ  proqf  d^taeHf,  ', 
of  a  proposed  beam;  to  find  the  proper  vhIuo  of  the  gr^aUd  ir^ 
Iiq;  make 

*"  ■  Bii'^' 


(taking  n"  from  the  preceding  table,  and  making  ns'  i^  m  h 
denote  the  distance  from  the  lajor  in  which  the  iiliii  ia^  k 
neutral  axis). 

X.  To  deduce  the  greatest  stress  in  a  giveo  l&yer  of*  b 
the  deflection  found  by  experiment. 

Let  h  be  the  depth  of  the  beam  at  the  aection  of  g 
and  p  the  distance  from  the  neutral  axis  of  that  eectiiw » 
luyer  of  the  beam  at  which  the  greatest  stress  is  required:— 
c,  the  half-span  of  a  beam  supported  at  both  ends,  or  tht  h^  J 
of  the  loaded  part  of  a  beam  enpported  nt  one  end; 
«',  the  factor  for  proof  deflection,  already  explained; 
E,  the  modulus  of  elasticity  of  the  material ; 
V,  the  observed  deflection ; 
then  the  intensity  of  the  required  stress  is 


P  ""  « 


Eyw 


e*'" 


XI.  To  find  the  deflection  of  an  uniform  1 
own  weight,  or  by  an  uniform  load  bearing  a  gives  f 
I  ■•-  nt,  to  the  weight  of  the  beam.  Let  w  be  the  bcaii 
material  of  which  the  beam  consists;  r'  ^  I  -=-  8,  the  if 
Tftditta  of  gyration  of  ita  cross-section;  n",  aa  b  * 
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y2\ 


deflection  under  a  giren  load  j  then,  for  a  bcnm  8Wpi)ort«cl  iil  both 
ends, 

■"  -  (>  *  »)t^-^ <"•> 

and  for  a  bracket  fixed  at  one  end, 


A  table  of  values  of  r*  will  bo  given  at  p.  BSfl,  The  Kiigilicatioa 
of  this  problem  to  ehafts  for  traDsmittiug  power  vrill  bo  exphdned 
in  the  next  Chapter. 

440.  Htmm  Kicd  M  tiM  Km4*. — When  a  Ix-am  is  uot  merely 
»npported,  but  fixed  in  direction  at  its  two  end*,  it  bonda  into  th» 
form  of  a  cnrve  which  has  two  points  of  iuflcction ;  Xn-.ina  oouvex 
apwards  at  the  points  of  support,  and  concave  upwarua  in  tb« 
middle.  The  following  are  the  two  iuo«t  impurtaiit  caaea;  th« 
crtMS-sectiou  of  the  beam  being  NuppoRed  uniform  in  both : — 

L  Load  concentrated  at  middle  of  ipan.  The  betiding  mooumt* 
at  the  points  of  support  and  at  the  middle  of  the  Kjiui  are  equal 
and  contrary,  and  each  equal  to  half  of  the  bending  momeDt  upon 
•a  equal  and  Hiiuilarly  luaded  beam  with  ends  merely  mi^wrtMlj 
We 


^^H  Actor  lor  {vvvf 


deflection,  n'  =  g. 
lor  ddectioD  tmder  a  gh«D  load,  mT  ■  - 


at  Ae  ifaa  is  oae-tUtd,  »ad  tfc«  eqotfy  biJiig  ■ 


^m^  <MJ)  point  oi  avpfnit  two-thirds,  tf  «rlHt  tlw  In  ■Jim  mammt 

m^    'III    iiiiiliTIr  nf  thi    gun  -  f  iiH  lif  if  Ifci    iiiiy  iiim  ■imlj  wm 
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qnestion.  This,  if  the  load  U  concentnied  at  or  nnr  one  pinii^ 
is  the  product  of  half  the  proof  load  into  the  proof  defiectaoo ;  thai 
is  to  say,  let  F  be  the  proof  load;  thea  the  resilience  is 

V- <^> 

Let  W  be  tbo  weight  of  a  mass  which  is  let  fiill  upon  the  beam 
from  the  height  z.  Then  the  whole  height  through  which  that 
mass  &lls,  before  the  beam  rench^  its  proof  deflection,  is  z  +  t^; 
KtA  the  whole  energy  of  the  blow  whidi  it  givea.  to  the  beam  u 
W  ^  +  «|);  which  being  equated  to  the  reailience,  ^ves  the 
following  eqimtion : — 

■W(»  +  i>J-^; - (i) 

«a  fqgatinn  which  enables  any  one  of  the  four  qnantttles,  W,  s,  P, 
Vj,  to  be  calonlated  when  the  other  three  are  given. 

If  the  load  is  distributed,  the  length  of  the  beam  is  to  be  divided 
into  a  numb^  of  small  elements,  and  half  the  proof  load  on  each 
element  multiplied  bv  the  distance  through  which  that  element  a 
dqireased.     The  integral  of  the  producta  will  be  the  resilience. 

Section  Tl.—Of  ResUUtnee  to  T/mial  or  Prtstan. 

442.    Rca4Ua>cc  M  Cempmalaa  bh^  Direct  Craahlnc. — Renstsnce 

to  longitudinal  compression,  when  the  proof  stress  ia  not  exceeded, 
is  Gonsiblj  equal  to  the  resistance  to  stretching,  and  is  expressed  bj' 
the  same  modulns  of  elasticity,  denoted  by  E  (page  403).  When 
that  limit  is  exceeded,  it  becomes  irregular.  (See  Article  4^, 
page  493.) 

The  present  Article  has  reference  to  direct  and  simple  erndniig 
only,  and  is  limited  to  those  cases  in  which  the  piUai^  Uocfai 
struts,  or  rods  along  which  the  thrust  acts  are  not  so  long  in  yo- 

Eortion  to  their  diameter  as  to  have  a  sensible  tendency  to  give  «sT 
y  beading  sideways.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocka  of  ordinary  proportions ; 

Pillars,  rods,  and  stmts  of  cast  iron,  in  which  the  length  is  DM 
more  than  five  times  the  diameter,  approximately; 

Pillars,  rods,  and  atruta  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  stnits  of  dry  timber,  in  which  the  length  ii  not 
more  than  about  five  times  the  diameter. 

In  audi  cases  the  Rnlea  for  the  strength  of  ties  (iMtga  493)  ac 
approximately  applicable,  substituting  ikrHtt  for  tensMm,  and  mnf 
the  proper  modulus  of  resistance  to  direct  crushing  iin)i«i|  rf  Ik* 
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Blncks  wlstuw  lengths  are  less  than  abont  once-anrl-a-hnlf  tlicir 
dmntetera  offer  greater  resistaiic«  to  crushing  than  that  given  by  the 
BuIi'b;  but  iu  what  pruportion  is  nncertain. 

The  modulus  of  resistance  to  direct  crushing,  as  the  Tolites  slimr, 
often  differe  conHiilerably  from  the  teuncity.  Tlie  nature  uud 
atnount  of  those  differences  depend  mainly  on  the  modes  iu  which 
tht^  crushing  takes  place.     These  nitijr  be  classed  ua  follows: — 

I.  Cmnliini/  by  sptitliHg  (Gg.  275)  into  a  iinmber  of  nearly 
jiriamatic  frj^pnents,  separated  by  smooth  surCacea  whose  general 
direction  is  nearly  parallel  to  the  direction  of  the  load,  is  character- 
istic of  very  hard  homogeneous  substances,  iu  which  the  resistance 
to  direct  crushing  is  greater  than  the  tenacity ;  being  in  many 
'  s  aiMut  double. 


I 


lis-  S^G- 


IL  Crtuiiing  by  Aearing  or  sliding  of  portions  of  the  block  along 
oblique  sur&cc8  of  separation  is  cturacteristic  of  substAncee  of  a 
granular  texture,  like  cant  iron,  and  most  kindH  of  stone  and  brick. 
Sometimes  the  sliding  takes  place  at  a  single  plane  surface,  tike 
A  fi  in  6g.  276;  sometimes  two  cones  or  pyramids  arc  formed,  like 
c.  c,  in  fig.  2(7,  which  are  forced  towards  each  other,  and  split  or 
driv«  outwards  a  number  of  wedges  surrounding  them,  like  w,  to, 
in  the  same  figure.  In  substAOces  which  are  crushed  by  shearing, 
the  resistance  to  crushing  is  always  mnch  greater  than  the  tenacity; 
Soractiiacs  the  block  splits  into  four  wedges,  as  in  fig.  278. 

III.  Cruthing  btf  bulging,  or  lateral  swelling  and  spreading  of 
the  block  which  is  crushed,  is  characteristic  of  ductile  and  tou([h 
iriRt«rials,  such  as  wrought  iron.  Owing  to  the  gradual  manner  :n 
which  materials  of  this  nature  give  way  to  a  crushing  load,  it  is 
dilficnlt  to  determine  their  reaialance  to  that  load  exactly.  Tbat 
nxistance  is  in  general  less,  and  sometimes  considerably  less,  than 
the  tenacity.  In  wrought  iron,  t^e  resistance  to  the  din«t  croah- 
ing  (if  pillars  or  struta  of  moderate  length,  as  nearly  as  it  can  be 

ascertained,  is  from  ~  to  ?  of  the  tenacity. 

IV.  Crtuhing  by  budding  or  crijijAing  is  chamcteristic  of  fibrous 
substances,  such  as  wood,  under  the  action  of  a  thnut  along  the 
fibres.  It  consists  in  a  lateral  bending  and  wrinkling  a{  Uvfe  4&nv«, 
•ometimes  uccompauied   by  a  splitting   cf  fbcm   asMm^isc.    "^^ 


I 
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reuflbmce  of  snch  sabstanoes  to  croBhing  is  tn  general  oonnderablr 
lees  than  thf^r  teaacit;,  eapecialljr  where  the  lateral  adhenon  of  tlw 
fibres  to  each  other  ia  wotk  compared  with  their  tenacity^.  Tha 
resistanoe  of  most  kinda  of  timber  to  cmshiog,  when  diy,  is  from 

-=  to  „  of  the  tenacity.     Moisture  in  tlie  timber  weakens  the  latent 

adhesion  of  the  fibres,  and  reduces  the  resistance  to  cmahiiig  to 
abont  one-half  of  its  amount  in  the  di7  state. 

4i3.  CnnhiBK  kr  CHw-BnahiBg. — IjOQg  Stmts  and  pillats  in 
framework,  and  rods,  bars,  or  links  in  machinery,  which  tntnimit 
thrust,  give  way  by  bending  ndeways  and  breaking  acRMS.  Let  P 
be  the  breaking  load  of  such  a  piece;  8,  it«  sectional  area;  I,  Ht 
length ;  r,  the  leail  geomttriad  radiv  of  gyration  of  its  cross-sectiaB ; 
^and  e,  two  co-efficients  depending  on  the  material  j  then 

L  For  a  piece  fixed  in  direction  at  both  ends; 

P f__ 


1  - 


■.(!■} 


cr* 


.(i) 


II.  For  a  piece  jointed  at  both  ends  {such  as  a  link  or  c 
ing-rod  in  machinery) ; 

1  A 

III.  For  a  piece  jointed  at  one  end  and  fixed  in  direction  at  th* 
other  (such  as  a  piston-rod); 

8  -  - — wv W 

The  square  of  the  radios  of  gjrratioo  raferrad  to  is  gives  bfd* 
expression, 

•'-S' w 

where  8  is  the  area  of  cross-section  of  the  piece,  and  I  tite  g<M^ 
trical  momf  ot  uf  inertia  of  that  cross-sectioD  about  a  nentnl  u* 
perpendicular  to  the  direction  in  which  the  piece  is  moat  flaxAis 
(See  Articles  437,  439,  pages  613,  519.) 

Values  of  the  CovnAirra  fob  the  BRKAsnra  Loul 
/  c 

Malleable  iron, 36,000  36,000 

Cast  iron, 80,000  6,v» 

Dry  timber,  alTOTig  V.\n&aT V'oo  3iOoo 
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Table  of  Y&lces  or  r^  fok  Dipfebkst  Fobjk  or 
CKoes-SBcnox. 

Solid  Rctuigle;  l(«st  dimen- 1  i'      ^■■> 

ROD  =  h; /  fc-  -  i_ 

Hollow  tqnare  tube;  dimen- 1  ,,,       ,_       ,- 

•ions,ontoide.A;  in»ide,A';f  V^   +  *^  -i-  IX 

Thin  square  ceU;  side  =  A; A*  •«■  6. 

ThinrwUDgolarcellibreadt]].  I  ifl    k  +  3b 

i;  depth,*; f  u'  k  *  b  ' 

Solid  cjlinder;  diameter  =  A;...  A*  -^  16. 

UoUow    cylinder;    diameter.)  ,,,       ,_ 

<mt8ide.i;  imiide.  A"; /  (*'  *  A')  ^  16. 

Tbia    hollow    cjlinder;    dia-  I  us 

meter  =  A; /  *•  ^  8. 

Angle    iron   of    eqnal    ril«;|  „ 

bmdth  ote»eh  =  6; f  ft*  ^  J4. 

*^.r»;°iU'^°:'...".':!.'!     ^*'.is(6.*;^ 

Cros  of  equal  atnu; A- -i-  24. 

H-JKtD;  bradth  of  ftuign,£;)                       „         . 
tbeirjoint  aira.  A:  areaof ,-  -— ■ — I 

ObaaneliHm;  depth  of  flange)  ,  .  .   m         . 

+   i  thickae*.  of  wh.  A;    A*    ■^  ..,,.        ^  + ^-£ \ 

•r«ofwrb,B;offlangasA;j         M2(A+  B)       4{A.  +  Bfi- 

All  tbe  dinteOJBOtu  beiog  io  the  mom  units  at  n»wmit_ 

444.   vimm  ■■«  "f  t«1w-.— When  a  tliin  boDo*  tyliader.  wmA 

JW  ao  internal  boikr  floe,  is  [v<enpd  from  withoot,  it  give*  waj  l^ 

^»iia/mii^,  ander  a  pRMnre  whoM   inteontT  waa  CMiad  li^  Miv 

^«irb*ini  (/*UitM.  TntM.,  1858)  to  vaij  twarijr  aeoocdu^  to  tte 

Jtiitkiwtng  Uw« : — 

JnTMselj  a*  the  len^ ; 
lartwwdy  ma  the  diameter ; 

XNnctIr  a*  a  fooction  of  the  thidnNw,  wUch  k  ««*  wilj 
^^■a  power  wfaoM  index  la  319;  but  wUdt  lor  ■wii-».j  WMlhal 
1  naj  be  tmtod  aa  aeamUr  "TnI  to  tha  «f^««  «f  A* 


Tbe  foaownglanDnlagiTesaf]fvoximatd7tW«^^M«MBnMtM« 

in  lbs.  OS  the  aonate  inch,  of  a  nfate-inn  loe,  vVmb  Indk,  JL 

i^meter.  4  and  tUckae^  1,  an  aO  ii|aiMil  is  Aa  MwvSb  ^ 


J»  >  9,67^000 


1^ ™ P^ 


sss 
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For  kilogrammeB  oa  Hbe  aqnan  iniUimdtn^  Ae  oimstent  co- 
efficient becomea  6,800. 

Mr.  Fairbaira  having  strangthened  tabes  hj  rivettiog  lonod 
tbem  rings  of  T-iron,  or  angle  iron,  at  equal  diatanoM  apart,  foond 
tbat  their  strength  is  that  oorresponding  to  tlie  length .^om  ring  to 
rinjf. 

He  also  fonnd  that  the  collapsing  pLCWuiBof  a  tnbe  of  an  elKptic 
form  of  crosaitection  is  found  approximately  bj  sabstitnting  fin-  d, 
in  the  preoeding  fbrmula,  the  diameter  of  tiie  oaeolBtuig  cinds  at 
the  flattest  part  of  the  ellipse ;  that  is,  let  a  be  the  ganter,  and  b 
the  leaser  aemi-axw  of  the  dlipse ;  theo  to  are  to  make 

2  a* 

■i-T- - — m 
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riFFNESS  H 


I*. — In  the  deaigniug  of  machitips 

with  ft  view  to  sufficient  strengtli  and  stiffness,  certain   speciiJ 

principles  must  lio  kept  in  view  besides  those  general  priuciplea 

_-«faicb  are  applicnble  to  machines  in  common  with  structures.     The 

""    t  section  of  this  Chapter  gives  a  summary  of  those  principles; 

te  remaining  sections  relate  to  the  strength  and  stifinese  of  certain 

'  J  parts  of  machinea. 

Section  I. — Sitrnmary  o/ Prineijies. 

Ik  nadiinc*, — In  most  examples  of  machinery  tlio 
tttiole  loail  mnst  be  treated  as  a  live  load,  becuuse  of  its  actiou 
being  accompanied  with  vibmtion;  and  also  in  many  cases  because 
tfce  straining  action  of  the  load  operates  Upon  diflopont  sets  of 
particlci^i  in  succession,  and  comes  with  more  or  leas  suddennem  upon 
such  sets  of  particles.  In  some  of  these  latter  cases  the  sbrainiug 
action  of  the  load  upon  a  given  particle  is  periodically  revented  ; 
for  example,  the  bending  moment  exerted  on  a  rotating  shaft  causes 
aJternato  tension  and  thrust  to  be  exerted  iijMn  the  same  jiarticle, 
as  it  pusses  alternately  to  the  stretched  and  to  the  compressed  side 
of  the  axle. 

Hcncu    the   real  factor  of  safety  in  machinery  is  seldom  leas 

There  are  exceptional  cases  in  ■which,  owing  to  the  smoothness 
of  the  motion  and  the  steadiness  of  the  straining  action,  the  load 
may  be  considered  as  intermediate  between  ft  dead  load  and  a  live 
load,  go  that  a  smaller  ^ctor  of  safety  is  sufficient;  such,  for 
example,  as  the  transmission  of  power  through  bands  of  such  length 
oa  to  h.ing  in  a  sensibly  curved  form. 

447.   SintlnlMB    AMIbki    canpaied    ft«m    Fawrr. — The    straining 

actioDS  on  moving  pieces  can  be  in  some  cases  wholly,  and  in  othera 
{lartly,  determined  from  the  power  transmitted,  and  from  the  speed, 
by  methods  of  calculation  which  will  be  described  and  excmplilied 
farther  on.  The  cases  in  which  the  straining  action  can  bo  wholly 
«3etermiued  from  the  power  transmitted  ore  those  which  fidUl  the 
£>llowing  conditions:  uniformity  of  effort,  absence  of  latamt  eoi/t- 
.^QOTMnto  in  the  stmining  forces,  and  BmallDesa   of  the  Anuning 
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actioDB  due  to  the  Teisht  and  to  the  re-actioD  of  the  piece  ttadf, 
and  of  pieces  carried  hy  it,  »  that  those  parts  of  the  itnimiig 
action  mar  be  treated  as  inseasible. 

The  roleB  for  oompating  straining  actions  &om  power  tiani- 
mitted  are  the  following  :— 

L  To  oompute  the  effort  exerted  along  a  |^yen.  line  of  cm- 
Dection ;  divide  the  power  transmitted,  in  units  of  work  per  aeooDd, 
hy  the  common  oompoDent  along  the  line  of  connection  of  tfae 
velocities  of  the  connected  points. 

If  the  power  is  given  in  noraes-power,  reduce  it  in  the  first  {due 
to  units  of  work  per  second,  b^  mnltjplying  hj  650  tor  foot-lba,  or 
by  76  for  kilogtammdtres. 

II.  To  oompute  the  straining  moment  exerted  through  a  ginn 
rotating  piece;  divide  the  power  transmitted,  in  uoits  S[  wiwk  m 
a  given  tune,  by  the  angnlar  motion  in  the  same  time :  that  is,  hj 
2  «  times  the  number  of  turns  in  that  time. 

In  ^onbols,  let  U  be  the  power,  in  units  of  work  per  minute ; 
Tf,  the  number  of  revolutitoia  per  minute;  M,  the  straining  mo- 
ment; then 

-r          V          0159155  U 
^=2VN-~^ ■ (1) 

This  formula  gives  the  moment  in  the  same  denomination  wilfc 
the  work.  If  the  work  is  given  in  foot-lbs.  per  minute,  and  th« 
moment  is  required  in  inch-lbs.,  the  above  expression  must  be 
multiplied  by  12 ;  tiiat  is, 

-.      12  TJ       1-91  IT 

^=2TN  =  -N- <^> 

Let  H  P  denote  the  number  of  hoises-power  tnnsmitted,  •> 
that 

TJ  in  foot-lbs.  per  minute  =  33000  H  P ;  and 
TJ  in  kilogramra^tres  per  minut«  =  4500  H  P; 


then  we  have 


„.    .     .,.          63000  HP 
MmiDcb-lbs.  = ^ ; (1) 

„.    ,    ,„  5250  HP 

M  in  foot-lbs.  = j^ — ; (t) 

TLT  ■    1  I  ^.  716-2  H  P 

M  in  kilogrammetres  = j^ (i) 

The  formula  for  kilogram mStres  is  adapted  to  the  Fiend  bom- 
power,  which  is  about  one-aeventieth  part  leM  tluui  the  BrilU. 
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In  the  cases  in  which  part  only  of  tlie  straining  action  can  be 
determined  from  the  power  trauAmitted,  the  causes  of  additional 
straining  action  are  the  following: — Excess  of  maximum  effort 
above  moan  effort;  lateral  components  in  straining  forces;  weight 
of  the  piece  itself  and  of  pieces  carried  hy  it ;  re-cictions  of  the  piece 
itself  and  of  pieces  carried  hy  it,  when  nndei^ing  acceleration  or 
retardation.  It  has  already  been  stated  in  Ai'ticle  414,  page  488, 
that  such  additional  straining  actions  are  sometimes  calculated 
expressly,  and  sometimes  allowed  for  by  using  an  apparent  factor 
of  safety  greater  than  the  mean  factor  of  safety  in  a  suitable  pro- 
portion. 

There  are  cases  in  which  the  best  method  of  calculating  the 
straining  action  is  to  det«rmine  directly  the  greatest  load,  without 
reference  to  the  power  transmitted. 

448.  Alimute  wniM. — Pieces  are  often  met  with  in  machinety 
which  are  strained  alternately  in  opposite  directions,  such  being 
especially  the  case  when  tlie  motion  is  reciprocating:  for  example, 
the  piston-rod  and  connecting-rod  of  a  steam  engine,  which  are 
subjected  alternately  to  tension  and  to  thiniat;  and  the  beam  of  a 
eteani  engine,  wliicb  is  exposed  alternately  to  bending  actions  in 
opiKisite  directions.  Such  pieces  must  be  adapted  to  resist  effi- 
ciently the  straining  action  in  cither  direction,  and  especially  that 
which  is  most  severe.  This  principle  is  applicable  to  framing  as 
well  as  to  moving  pieces. 

449.  nmiHiMs  Bncta  ar  B*>«ciiaH. — When  the  particles  of  a 
piece  undergo  changes  of  speed  and  direction,  their  re-actiona  pro- 
duce straining  effecW  resembling  those  produced  by  their  weights  i 
duo  r^ard  being  had  to  the  directions  of  those  re-actions,  and  to 
the  ratios  which  they  bear  to  the  weights  of  the  particlen.  For 
example,  if  a  particle  of  the  weight  w  undergoes  the  acceleration 
d  V,  in  the  time  d  I,  the  re-action  of  that  particle  is 


..(1.) 


J'" 

and  is  exerted  in  a  direction  oppodte  to  that  of  the  acceleration 
(Article  287,  page  330);  and  if  a  particle  of  the  weight  w  revolves 
with  the  angular  velocity  a,  in  a  circle  of  the  radius  r,  its  ru-oction 
(or  centrifugal  force)  is 


2) 


and  is  exerted  in  a  direction  away  fkom  the  centre  of  the  circle 
(Article  288,  page  330). 

In  many  cases  of  reciprocating  motion  in  machinerj-,  the  motion 
of  the  reciprocating  mass  is  karmtmic  (as  to  the  meaning  of  wlu&Vi, 
aeo  Article  239,  page  250);  aad  then  its  ffwixsX.  ic-sjaAn&.S&  «*:^v^ 
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to  wbai  its  centrifugal  foice  wonld  be  if  it  nrolved  in  a  period 
«qual  to  the  time  of  a.  doable  stroke,  in  a  oinile  of  a  ladins  eqntl 
to  tiie  bolf-stroke.  Let  T  be  the  period,  or  time  o!  a  donUe  ttrde 
in  seconds ;  x,  the  half-atroke;  to,  the  weigbt  of  the  nciprocatins 
iXOaaS)  then  its  greatest  re-action  is 

(3) 


P      T" 

The  co-efficient is  the  reciprocal  of  ^^  vhieh  ia,  as  ainaAy 

stated  in  Article  319,  page  364,  the  altitude  of  a  rerolriD; 
penduhim  whose  period  is  one  second;  that  is,  nearly,  0815  foot, 
or  9'78  inchcB,  or  248  millimStrea. 

The  moment  of  Te-actimi  of  a  mass  which  undergoes  an  accelera- 
tion of  angular  velocity,  da,  in  the  interval  of  time  dt,  ia  girai  b^ 
the  e}[pri;8sion 

-^^ « 

in  which  I  denotes  the  moment  of  inertia  of  the  routing  ntM^ 
(Article  313,  page  308).  If  the  mass  has  a  rodbiitg  or  oacUlatiiu: 
motion,  followiag  the  harmonic  law,  about  ite  axis,  the  gicates 
moment  of  re'ftction  is  as  follows : — 


in  which  T  is  the  periodic  time  of  a  complete  or  doable  oscilli- 
tioD,  aud  i  the  semi-amplitudA;  that  is,  tiie  angle  in  drrolu 
measure  through  which  tiie  stroke,  or  oscillation,  extends  to  «ac!i 

side  of  the  middio  position  of  the  rocking  body.     Yalnes  of  ; .; 

hare  already  l>ecii  given. 

The  moments  of  re-action  given  by  the  formnUe  (4)  and  (5)  uuf 
constitute  twisting  moments  upon  shafts,  or  beodiiig  mamcDtt 
upon  levers. 

450.  Vntmrwotk.— The  load  which  strains  the  framework  <rf  » 
machine  consists  partly  of  the  weight  of  that  bamework  iteelf :  bnt 

Sincipally  of  the  bearing- preBaurea  exerted  by  the  moving  piew* 
ow  those  beariug-pressHrcs  n  re  to  be  determined  baa  already  btva 
shown  ill  the  coui-ae  of  Tart  II.,  Chapter  IV.,  Section  L  Tbf 
framework  ought  to  be  so  designed  «a  to  make  the  b«rtaf 
presaui-cs  at  different  [loints,  or  the  compononta  of  thaw  fa«iiK- 
pressures,  as  tar  ns  possible  balance  ewh  other.  Whan  tl>» 
principle  ia  perfectly  carried  out,  the  prewora  sxacted  I7  thr 
machiae  on  ite  fouTt^^^n  ^'&  ccnwiili  nmply  of  xta  wti^;  all 


v; 
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tbe  borizontal  compODeots  of  the  bearin^-pressurea,  and  all  the 
bcftring-preseures  which  act  in  couples,  being  mutually  bttlaiiced. 
This,  however,  ia  possible  only  when  the  prime  mover,  the 
working  machinery.  And  the  materinl  uperateil  upon,  are  all 
earned  by  one  connected  asserablage  of  framework.  In  other 
cases,  all  that  can  be  attained  is  an  approximation  to  the  balanoe  of 
horiBOntal  pressnres  and  of  couples.  When  two  bearings  occur 
ntwr  each  other  that  are  exposed  to  opposite  preosurea,  or  to 
pressures  contikioiog  nppomtc  components,  it  is  in  general  ad- 
visable, in  deaigniug  the  frame,  to  connect  those  bearings  'with 
EBch  other  as  directly  as  possible,  by  means  of  a  stnit  or  of  a  tie. 

451.  muPTbch  Bad  PUahiiKr. — In  all  caaea  in  which  precision  of 
iiiovemeut  is  required,  stifTness  is  essential  both  to  the  moving 
«s  and  to  the  framework  of  a  machina  It  is  ensured,  first, 
causing  the  pieces  exposed  to  strain  to  resLst  it  as  fiir  as 
[n'aeticBble  by  direct  tension  and  direct  thrust,  rather  than  by 
twisting  or  bending  stress  (Article  430,  page  493 ;  and  Article 
442,  page  522);  and  secondly,  where  indirect  modes  of  exerting 
BtrtsB  are  unavoidable,  to  give  the  piece  such  tranavene  dimenaioiia 
lis  are  necessary  in  order  to  prevent  the  extent  to  which  it  yields 
from  exceeding;  a  certain  limit  (Article  430,  page  502;  Article 
439,  page  517).  According  to  the  first  of  those  principles,  tho 
framework  and  the  moving  pieces  of  a  mnchinc,  where  rigidity  is 
re(|uired,  should  consist,  as  far  as  practicable,  of  struts  and  ties; 
according  to  the  second  principle,  where  beams  have  to  be  used, 
the  depth  and  span,  and  whore  shafts  have  to  be  used,  the  diameter 
and  span,  are  to  be  so  projxirtioned  to  each  other  as  to  preveut 
the  ratio  of  the  d^ection  to  tho  span  from  exceeding  a  cerbun 

limit  f  nunnily  from  ,-ij,,,i  to  .,t^,).     Tho  Bpecial  rule  applicable 

to  shafts  will  be  given  further  on.     As  to  beams^  see  page  d'iO. 

On  the  other  hand,  there  arc  cases  in  which  absolubi  precision 
of  movement  is  unnecessary,  and  in  which  pliability  is  an  advan- 
tage, as  giving  the  power  of  withstanding  shocks.  This  advantagn 
ia  possessed  by  leathern  belts,  and  by  raw  hide  and  hempen  ropes, 
because  of  the  great  extensibility  of  the  nintcriBla.  Wire  ropes, 
when  stretched  tight,  possBss  it  to  a  less  degree;  but  when  of  a 
itytui  suflicient  to  hang  visibly  in  curves,  the  power  of  att«mtiun 
of  curvature  constitutes  a  kind  of  pliability,  which  enables  ahooks 
to  bo  borne;  and  the  same  remark  applies  to  chains  when  hanging 
slack.  Pliability  in  the  ahape  of  compressibility,  where  thrust  has 
to  be  resisted,  as  in  connecting-rods,  is  obtained  by  using  timber, 
as  has  already  been  stated  in  Article  409,  page  474.  Beams,  and 
pieces  acting  as  beams,  arc  made  flexible  to  any  extent  required,  by 
making  the  depth  siifficiently  small  in  comparison  witti  iW  i^^^ 
the  breadth  being  at  the  alnie  time  madu  tnif&^iBn.\\-j  ^E«aX.  \ft  ifr'**] 


I 
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the  lequitdte  strengUi ;  or  by  using  ton^  and  pliable  kinds  (f 
timber,  such  as  those  mentioned  in  Article  409,  page  473,  as 
poBBcaaing  those  qualities. 

462.  CaaipsBBd  BtaiJM. — Both  in  moving  pieMB  And  in  fiwnework, 
but  especially  in  moving  pieces,  Btraining  actions  of  different  kindi 
are  sometime  compounded :  as  direct  tendon  or  direct  thrust  with 
bending,  or  bending  ^th  twisting.  In  such  cases  the  resoltant 
stress  arising  from  the  combination  must  be  taken  into  acoonnt 
The  rules  applicable  to  the  cases  of  this  sort  which  commonly  Mcnr 
in  practice  will  be  given  in  the  ooune  of  the  ensning  sections  d 
this  Chapter. 

Section  II, — Sptdal  Ktdea  at  to  Bands,  Sods,  and  Lmkt. 

453.  Bella  ■■<  Cm«U  bi  nsdeFaM  ■p—Ji. — The  effective  working 
"tension  required  at  the  driving  side  of  a  band  is  to  be  fonnd  by  the 
rules  already  given  in  Article  310  A,  pages  351,  353.  When  the 
speed  at  which  the  band  raoB  is  such  tbat  the  oentrifngal  teasian 
may  be  disregarded,  and  when  the  band  is  a  belt  or  cord  nf 
organic  material,  such  as  leather,  raw  hide,  gutta  percha,  or  hemp, 
the  working  tension  is  to  be  divided  by  a  suitable  co-efficient  oi 
working  strength,  so  as  to  give,  acoording  to  the  nature  of  tht 
coefficient  employed,  either  the  weight  per  unit  of  length,  or  the 
sectional  area ;  or,  in  the  case  of  flat  belts  of  a  given  thickness,  the 
breadth;  or,  in  the  case  of  cords,  the  square  of  the  diameter,  or 
the  square  of  the  girth.  Co-efficients  adapted  to  tboee  difieimt 
methods  of  calculation,  and  to  different  materials,  have  already 
been  given  in  Article  410,  pages  474,  475,  476. 

454.  AllBwaace  for  CcKirirBgai  TeaalDB. — When  the  speed  is  « 
great  that  it  becomes  necessary  to  allow  for  centrifugal  tension, 
the  co-efficient  of  working  strength  to  be  used  is  that  which  if 
expressed  in  the  form  of  an  equivalent  length  of  the  band  itself 
Let  that  length  be  denoted  by  b.  Let  v  be  the  velocity  with  which 
the  band  is  to  ran;  then  the  centrifugal  tension,  expRSsed  in 

length  of  band,  is  ~;  and  this  is  exerted  at  every  point  of  Iht 

band,  in  addition  to  the  effective  tension  required  for  the  ttam- 
mission  of  power;  so  that  aftor  deducting  the  centrifugal  tautae, 
the  strength  which  remains  available  to  resist  the  effective  tenaion  i> 

».  =  »->: ('■) 

when  expressed  in  length  of  hand.  Tbeiefore,  Ist  T,  be  lb 
effective  vor^g  tension  tenured  at  the  driving  side  ot  tae  baad; 
toB,  the  we^ht«{an\in.VV*n\Ka^<A'9aAV«mlmqiliradj  tfn* 


The  weight  per  unit  of  length  ia  expressed  in  the  form  of  a 
prcMliict,  wS;  in  which  S  denotes  the  sectiooaJ  area,  and  lo  tho 
heaviness  of  the  nwterial. 

455.  Wire  R*i>«*  present  a  case  in  which  direct  tension  is 
comhined  with  an  additional  stress  produced  by  the  bending  of  the 
wires  round  the  puUejrs.  Let  D  be  the  diameter  of  a  putlejr;  d, 
that  of  a  singUwire;  E,  the  modulus  of  elasticity  of  the  wire;  then 
the  bending  produces  a  Btress  which  is  tensile  at  one  side  of  the 
wire,  and  compressive  at  the  other,  and  whose  inteoHity,  in  nnita 

of  weight  on  the  unit  of  area,  is  -=^  ;  and  in  length  of  the  rope, 

— ^ ;  10  being  the  heaviness  of  the  material. 

Let  h,  as  before,  be  the  safe  working  strength  expressed  in  length 
of  rope;  p,  the  velocity  at  which  the  rO|)e  runs;  then  the  strength 
in  length  of  i-ope,  avtulable  to  resist  the  efTective  working  leuBioii 
at  the  driving  side,  is 

K-^-^,-li: 0) 

and  the  weight  per  unit  of  length,  u>  8,  of  a  roi>e  suited  to  bear  the 
eflective  working  tenmon  Ty  is  given  by  the  following  equation: — 

"^-— ^"-H '=■) 

The  miist  convenient  way  of  using  thi.s  formula  is  to  (ix  a  mini- 
mum vuluc  for  the  ratio  I)  —  t^,  in  which  the  diameter  of  the  pnlley 
is  to  exceed  tluit  of  a  single  wire,  and  thence  to  deduce  the  value  of 
the  stress  V,  d  ■¥  w  Ti,  produced  by  bending.  Then,  having  calcu- 
lated the  weight,  to  S,  per  unit  of  length,  the  diameter,  t^,  of  a  singlB 
wire  is  to  be  deduced  from  that  weight,  and  the  least  propM 
diameter  for  a  driving  pulley,  D,  by  multiplying  d  by  the  previoiuly 
fixed  ratio. 

An  ordinary  value  of  D  -^  rf  is  2000. 

A  wire  i-ope  of  the  ordinary  construction  consists  of  six  strandi 
•pua  round  a  hempen  core;  and  each  of  the  strands  consists  of  us 
wires  spun  round  a  smaller  hempen  core,  so  that  there  are  thirty- 
nx  wires  in  all.  The  diameter  of  a  single  wire  is  givcu  'oS.^^  wl~ 
fident  accuracy  for  the  present  purpose  by  Uw  tonou^ 
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J,-    r    _.-          <■       ■     1.1,      ..   //'w8inlbB.perfoot\  ... 
d  (in  fractions  of  an  iDoh)  =  A/  I :r^ J-(3-) 

or 

d  (in  millim^trefi)  ^  ,^/(4^  to  S  in  kilogninineB  per  mUn).  (3jl) 

The  folloving  are  values  of  the  moduli  of  elasticity  aod  fltrangtii 
for  ropes  made  of  the  beat  charcoal  iron  vire.  Steel  wire  ropes 
may  be  taken  as  haviD^  about  the  same  modnlos  of  elasticity,  and 
as  being  stronger  than  iron  in  the  proportion  of  4  to  3  neatly. 


Modulus  of  Elasticity,  -, 7,500,000         a,386,ooo 

"Ultimate  Tenacity,. 36,880  8,193 

Proof  Tension, 13,440  4>o9fi 

Working  Tension  with  steady 

action  (factor  of  safety,  3J),*  7,680  3i340 

"Working  Tension  with  unsteady 
action  (factor  of  safety,  6},...  4,480  ^tZ^S 

456.  DcNecUoNMBdi^BiUi  of  BBBdb — The  form  in  whidk  a  bsod 
hangs  between  two  pulleys  which  it  connect«,  is  that  of  a  catensrv. 
In  cases  which  occur  in  practice,  the  patabols  may  be  used  u 
an  approximation  to  the  cat«nary,  without  sensible  error.  Thii 
gives  the  following  approximate  formula  for  the  deflectiou  of  tbf 
band  at  the  middle  of  its  span,  below  a  straight  line  joining  ■» 
two  points  of  BUBjiension : — 

"-^z ('•' 

in  which  c  is  the  half-span,  measured  along  the  before-meotioaeJ 
straight  line,  whether  horizontal  or  sloping;  &„  is  the  lengtk  of 
rope  equivalent  to  the  available  lention  (excIuuTe  of  (ienthfi^ 
tension),  and  y  is  the  deflection. 

Let  I  be  the  angle  of  inclination  of  tiie  span  of  the  band  to  tkr 
horizon;  and  s  the  length  of  the  part  of  the  band  which  hasp  ■> 
a  curve  between  the  two  points  of  suspension ;  then 

*  nearly  =  2c  +  3.  ^J  cosU (i) 

Wlien  the  span  is  horizontal,  oob  <  *  =  1. 

The  driving  and  returning  parts  of  the  band  hrnvn  tUSeroit 

■  ThuTilae  of  theworkiDg  tendon  is  calculated  fron  thea»«ffid<rt«f 
nrqu  given  by  B«u\esitix,  ia  s^ii^iUcable  to  Hini'i  tekdynamio  imnniwir 
(CffiutnKlionikkrtf&r  ikCa*clu>icidbau,\%tt.'\ 
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tendons  (see  Article  3I0a,  page  362),  and  thoivforo  diffeteiit  do- 
flectiuQE.  Their  lengths  are  to  be  calcolated  sepoiutoly,  and  added 
together,  along  with  the  lengths  of  the  circular  purls  of  the  bftnd 
which  pass  round  tlie  pulleys, 

457.  ChsiDi. — Chains  consisting  of  oval  links,  'when  the  tendency 
of  each  link  to  collapse  is  resisted  by  means  of  a  cross-lmr  called  a 
stay  or  Hud,  as  in  fig.  279,  have  a  strength  equal  to 
tliat  due  to  the  collective  sectional  area  of  the  two 
Rides  of  Ibe  link.  The  tenacity  of  the  iron  in  the 
link  is  reduced  by  the  processes  of  foi^nga.nd  welding 
so  as  to  be  from  ^  to  j  of  that  of  the  cable-inni 
bolt  from  which  it  is  made;  so  that,  taking  the 
nltiniate  tenacity  of  cable-iron  bolts  at  60,000 
lbs.  on  the  BqQai«  inch,  that  of  a  eCuil  chain  is 
from  52,500  to  45,000  lbs.  on  the  square  inch; 
and  about  7,500  lbs.  on  the  sq\)are  inch  may  be 
taken  ns  a  safe  working  modulus  of  tension  with  a 
live  loud;  the  smaller  of  the  preceding  co-efficients 
being  divided  by  6  as  a  factor  of  safety.  The  Utt  load  is  about  half 
thu  breaking  loud,  or  three  times  the  working  load.  An  unstudded 
chain  has  about  Cwv-t/Urdti  of  the  strength  of  a  studded  chain  of 
the  same  dimensions. 

The  following  are  the  ordinary  proportions  of  the  links  of  a 
rtad-ohain,  as  used  for  ships'  cables  and  rigging,  in  terms  of  the 
diameter  of  the  bolts  from  which  they  are  mud& 

Length:  outside,  G  diameters;  inside,  4  dinmetets. 

Breadth:  outside,  3^  diameten;  inside,  IJ  diameter. 

ThickucsBof  stay:  ut  ends,  I  diameter;  at  middle,  ^r  diameter. 

The  teaf/ht  of  a  stuil-ehain,  of  thne  proportions,  in  lb&  per 
foot,  is  found  by  multiplying  the  aqoare  of  the  diameter  of  the 
cable-iron  in  inches  by  9,  very  nearly;  and  its  weight  in  kilo- 
grammes |ier  mftre,  by  multifjyiug  the  square  of  that  diameter 
in  millimetres  by  0-020^. 

In  designing  chains  made  of  fiat  links  oonneotod  by  pins,  regaril 
roust  be  paid  to  the  principles  of  Article  424,  i)age  497,  so  as  to 
giro  the  dimensions  of  the  pins  their  due  proportions  In  those  of 
the  links. 

456.  KmOa  w  Liaks  far  TcnaiaH  — Tlio  following  nre  the  mic* 
applicable  to  the  ordinary  cases  of  rods  or  links  for  tmnsmitting 
tension ;  snch  an  [liston-rtMls  in  single-acting  steam  enginea. 

L  When  the  resultant  tension  acts  cdoitg  (As  tongitoditiai  a>i> 
of  the  rod,  that  is,  along  a  straight  lino  traversing  the  centres  of  all 
the  oroas-scctions,  the  nreu  of  cross-section  is  to  l>e  proportioned  b> 
the  load  according  to  the  rules  of  Article  420,  page  494;  tba 
modulus  of  greatest  working  stress  being  taken  nt  9,000  Vok 
on  the  nquarc  inch  for  wrought  iron ;  2,8<W  lot  cas^.  \tw\  V^Vi^ 
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if  Bhodcfiaretobe  borne,  is  not  a  suitable  nuLterial  {or  this  purpose); 
and  1,000  for  timber  of  straigtit-gTBined  and  toug^  kiad& 

II.  Should  the  resultant  tension  aei,  not  along  th«  axia  of  tiie 
rod,  but  at  a  distance  from  it,  whose  greftteat  value  may  be  denoted 
by  fc,  let  P  denote  the  load;  tlien  the  tensile  action  is  oomUned 
iritii  a  bending  moment,  P  x. 

"Let  S  be  the  area  of  cross-section ;  h,  the  depth  of  tike  rod — that  is, 
its  diameter  in  the  plane  of  the  bendijig  moment ;  k,  the  nnnmical 
&otor  in  equation  {5  a)  of  Article  437,  page  514,  and  in  the  Table 
of  page  516;  the  greatest  additional  intensity  of  tenaoa  pnduoed 
by  the  bending  moment  is 

Pa; 
khB' 
and  the  total  intensity  of  the  greatest  tension  ie 


K-A)^ 


and  consequently,  if/ be  the  modulus  of  working  stress,  the  jKOper 
sectional  area  is  given  by  the  formula, 

(1-) 


=  7(-A)- 


IIL  In  a  tension  rod  which  is  horizontal  or  inclined,  the 
additional  stress  produced  by  the  bending  action  of  its  own  uagkt 
may  require  to  be  taken  into  considetation.  Let  to  be  the  heavi- 
nesB  of  the  material;  c,  the  half-apan  between  the  points  of 
support  measured  along  the  axis  of  the  rod;  *,  the  angle  of 
inclination  of  that  axis  to  the  horizon;  then  the  bending  momeDtit 


M  = 


Set  cost 


and  the  greatest  sti-ess  produced  by  that  moment  ia 
M        wc'cost 

p  =  ifAs  =-2Xir- (^> 

The  easiest  way  to  make  use  of  this  formula  in  practioa  b  \f> 
assume  in  the  first  place  a  convenient  value  (or  h;  calculate  j>  by 
equation  (2) ;  and  then  make 

(1) 


f-r 

jy.  If  the  rod  has  a  trannerM  neiprooating  moHoH,  Om  re^dioD 
due  to  that  motion  'wV3ii  ^lod.'OBA  alternate  bendiiw  artimi^  in 
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(^poaite  directions.  Let  a  be  tlie  semi-araplitude  of  the  trauavorse 
motion — tbftt  is,  half  its  total  extent;  let  n  be  the  Dumber  o£ 
dovUe  swings  in  a  second ;  then  make 


(in  which   jil^  =  0-615   foot  =  0-248  m&tre  nearly);    then   the 

additional  Htreas  produced  by  thia  motion  is  to  be  found  by  putting 
m  w  inatead  of  w  cos  i  iu  equation  (2),  and  is  to  be  provided  for  in 
the  same  way  with  the  stress  p  of  that  equation.  If  one  cud  of 
the  rod  has  a  transverse  reciprocating  motion,  while  the  other  has 
no  such  uiotioD,  or  if  the  two  ends  have  motions  of  diflcrcul 
amplitudes,  make  z  equal  to  the  aerai-amplitnde  of  the  transvurra 
motion  of  the  centre  of  the  rod ;  the  result  will  be  near  enough 
to  the  truth  for  practical  purposes. 

"V.  If  weiglit  and  re-action  both  take  effect  in  the  sume  vertical 
plane,  make 


■(••*°»Olu- <=) 


and  iige  this  value  of  ^  in  equation  (3). 

YI.  In  designing  the  fcuOeningt  for  traDsmittiug  the  tension  at 
the  ends  of  rods  or  link.'i,  regard  is  to  be  hod  to  the  principles  of 
Article  424,  ]>age  497. 

Vll.  The  sides  of  an  etjt  at  the  end  of  a  tensiou-rod  are  nmally 
made  BO  as  to  have  a  collective  sectional  area  cijual  to  ottce-amti'ii- 
AoZ/'that  of  the  rod;  becauae  the  uneven  distribution  of  the  stress 
in  them  diminiriies  their  strength  to  about  two-thirds  of  what  it 
would  be  if  the  stress  were  uniform;  and  the  same  rule  is  appli- 
cable to  a  strap  answering  the  pur)H>se  uf  an  eye. 

439.    B*4i  w  LJak*  far  ReclyrscalJiif  MnsB. — When  a  rod  trnnn- 

mita  alternately  tension  and  thrust  of  equal  amount,  the  most 
severe  straining  action  is  usually  tliat  produced  by  the  thrust;  and 
Uie  proper  dimensions  are  to  be  found  by  the  rules  of  Article  443, 
p.ige  324. 

The  piston-rods  and  connecting-rods  of  double-acting  steun 
engincfl  are  examples  of  this.  Pistou-rods  are  to  be  treatted  as 
■truta  fixed  at  one  end  and  jointed  at  the  other;  connecting-rods 
as  struts  jointed  at  both  end& 

The  ways  of  using  the  rules  referred  to  are  as  follawv : — 

L  In  OTdinacy  eases  of  the  piston-rods  and  connecting-rods  of 

■tetuii  engines,  an  approximate  sectional  arek  may  be  AlculatiiJ 

in  the  first  place,  by  multiplying  the  arm  of  tite  ptston  1^-  the 

greatest  intensity  of  the  effective  preasiua  of  the  ilimni,  w  M  to 
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find  the  greateat  workiiig  lo«d,  and  dividing  it  far  a  modnlns  of 
workitig  stress,  which  nuy  be  2,fi00  lbs.  oa  Uia  aqotre  indi  for  a 
piston-rod,  and  1,760  lbs.  on  the  squan  inch  for  a  oonnMtis^iad 
at  the  middle  of  its  length.  It  ie  nsiud  to  give  the  ooiuwctdiiig-rod 
a  swdl  ID  the  middle;  so  that  at  the  ends  it  ia  of  Uie  auiie  area 
with  the  piston-rod.  The  ratio  of  the  greatest  to  the  lent 
diameter  is  about  that  of  6  to  fi. 

This  mle  ma;  be  coneddered  as  ^ving  a  nfe  valne  for  tlw  tiaam- 
verse  section,  when  the  lengtii  of  the  rod  does  not  exceed  aboat 
thirtjr-six  times  its  diameter.  Wben  tLe  proportion  of  lengA  to 
diameter  is  greater,  the  following  rnle  majr  be  applied  to  wTon^it- 
iron  rods. 

IL  Let  y  be  the  intensitj  of  the  safe  working  thrust  along  a 
short  rod — say  6,000  Ib&  oa  the  square  inch,  or  4*2  kilognmmes 
on  tile  square  millimetre,  for  wrought  iron.  Let  S  be  the  sectiou] 
area  of  the  rod;  I,  its  length ;  h,  its  diameter;  P,  the  amount  of 
the  greatest  working  thrust;  tiien  we  have 

p — ^i (1) 


in  which  the  valocs  of  c'  are  as  follows :  — 

For  around  rod,  jointed  at  both  ends, 5(3 

„             „           fixed  at  one  end, 1,370 

„             „           £xed  at  both  ends,  3,150 

For  a  sqoare  rod,  jointed  at  both  ends, 750 

„             „           fixed  at  one  end,. 1,^90 

„             „           fixed  at  both  ends, 3,ooo 

But  in  a  round  rod,  we  have  A*  =  1-273  S  nearly;  snd  is  a  aqnare 
rod,  h*  =  3;  conaeqaently  we  may  nuko 

»■'<■- -3; (i) 

in  which  a  lias  the  following  valnea: — 

For  0.  round  rod,  jointed  at  both  ends, 716 

„  „  tilted  nt  one  end i,6n 

„  „  fixed  at  bol-h  ends, 3J864 

IVir  a  square  rod,  jointed  at  both  ends, 750 

,1  „  fixed  at  one  end »..— 1,^90 

„  „  fixed  at  both  endi^ 3/3oo 

Thus  equation  (1)  may  be  made  to  take  the  following  foim:— 

P  (a  S  +  0  =  0/9*; (3-) 

vbhb  qnadnitic  c<\uat\on,  being  solved,  gives  the  ibllowing  U 
for  the  seotionaLsma-. — 


i 
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2/ 


►Vl^-* 


FP   1 


HI.  Sometimea,  bb  has  already  beea  stated  in  jiage  474,  a- 
connectbg-rod  ia  made  of  a  sqaiire  Inr  of  wood  to  tnuisinit  the  ' 
thrust,  bound  with  a  wrought-iron  strap  to  transmit  the  tensioti. 
In  tbia  case  the  transverBe  area  of  the  strap  ia  to  bo  determined  bj 
the  principles  of  Article  458,  with  a  working  moduluB  of  tension 
of  about  0,000  lbs.  on  the  square  inch  (because  the  Btresa  may  bo 
nnoqually  distributed  near  the  ends  of  the  stiup,  where  it  bends 
round  the  bushes  tfaat  hold  the  pins);  and  that  of  the  uquare 
timber  bar  is  to  be  found  by  equation  (1)  of  the  preceding  rule, 
with  the  foUomog  values  for  the  constants; — 

/  =       720  lbs,  on  the  square  inch; 

=  0-5  kilogramme  on  the  square  mtllimfitre; 

a  =         625. 
a/  =  45,000  lbs.  on  the  aquam  inch; 

^         32  kilogrammes  on  the  square  millim3ti«. 

In  a  compound  rod  of  this  kind  there  is  a  tendency  to  slacken 

tile  bold  of  the  pins  vliich  it  connects,  through  the  shortening  of 

file  compressed  bar;  and  means  must  therefore  be  provided  of 

ling  it  from  tame  to  time  by  wedges  or  screws. 

When  the  form  of  cross-section  chosen  is  such  that  the 

ntio  P  ~  r^,  whith  the  length  of  the  rod  is  to  bear  to  the  radios 

~  gyration  of  its  cross-section,  can  be  approximately  determined 


«  following  formula :— 


(•%^)- 


..(5.) 


Fop  values  of  r*  and  of  e,  see  Article  443,  pages  524,  525. 

The  commonest  example  of  the  claits  of  fignres  to  which  this 
lethod  is  applicable  is  the  croM»-Aaptd  section,  which  is  well 
iapted  for  transinitting  thrust;  and  for  which  we  havo 
►  =  A*  +  24;  and  consequently 


=  1500  AV 


,..(«,) 


v.  The  bratxd  connecting-rod  may  be  looked  npon  as  a  modifi- 
ition  of  the  compound  rod  mentioned  in  Rule  IlL  of  this  Article, 
be  thrust-bar  occupies  the  middle  of  the  combination,  and  m»f 
►  of  timber  orof  cast  iron.  From  the  middle  of  its  length  diverge 
nr  transverse  arms,  in  the  shape  of  u  cross;  and  four  tie-rods 
[tend  from  end  to  end  of  the  bar,  and  at  the  middle  of  their 
Dgth  are  made  to  spread  aannder  by  the  armi  of  the  oraa.    Tha 
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length  of  those  arms  is,  in  a  great  measure,  a  matter  of  practical 
convenience ;  about  one-twelfth  of  the  length  of  the  compoand  rod 
is  iisuaL  The  effect  on  the  thmst-bar  is  to  increase  its  strength, 
so  as  to  be  equal  to  that  of  a  bar  of  the  same  secticMi  and  half 
the  length ;  that  is  to  say,  in  equations  (4)  and  (5),  for  a  and  c^ 
substitute  4  a  and  4  c  The  amount  of  stress  on  tro  tension-rods 
is  increased  in  the  same  ratio  with  their  length. 

Section  III. — Special  Rules  reUUing  to  Aa^  and  SkaJU, 

460.  Ocncsml   BzplMWtl««i  m  t»  Shalls»  Azle%  •■«  JimmIi  — 

The  words  cude  and  ehqft  are,  to  a  certain  extent,  used  indii>cn- 
minately ;  but  it  may  be  held  that  in  most  cases  the  term  Jujl 
implies  the  transmission  of  motive  power  along  the  rotating  piece 
denoted  by  that  term,  and  consequently  the  exertion  of  a  twisting 
moment  at  each  cross-section,  to  be  found  by  the  principles  of 
Article  447,  page  528;  while  an  axle  in  general  is  subjected  to  a 
bending  moment  only. 

The  parts  of  a  shsit  which  rest  on  the  bearings  are  caUed  pivots, 
collars,  gudgeons,  and  journals. 

Pivots  and  collars  are  for  bearing  end- thrust  (see  Article  311, 
page  353).  Gudgeons  and  journals  are  for  bearing  tnui:i verse 
pressure.  It  was  proposed  by  Buchanan,  in  his  Treatise  on  MUl- 
work,  to  apply  the  word  gudgeon  only  to  the  bearing  part  at  the 
end  of  a  shatib  or  axle,  which  is  exposed  to  bending  action  alone, 
and  not  to  twisting  action ;  and  jownal  to  an  intermediate  bearing 
linvt  through  which  a  twisting  moment  is  or  may  be  exerted ;  bat 
the  custom  of  using  the  word  journal  in  both  senses  indiscrimi- 
nately is  so  prevalent,  that  it  is  impracticable  to  carry  out  Buchanan  s 
suggestion.  The  terms  end-journal  and  neck-journal,  or  simpljr 
neck,  may  serve  to  distinguish  them. 

Cast  iron  may  be  used  for  shafts  where  no  shocks  are  to  be 
borne.  In  other  cases  the  proper  materials  are  wrought  iron  and 
mild  steel.  The  greatest  proper  values  of  the  real  modulus  of 
working  stress  are  the  following,  or  nearly  so : — 

Um.  on  th«  Kiloft.  OQ  tfM* 

sqoare  inch.  aquaro  millimitrB. 

Cast  Iron, 4y5oo  3-16 

Wrought  Iron,* 9,000  6*33 

Steel, 13*500  9*5 

As  to  the  use  and  treatment  of  cast  iron  for  this  purpose,  ms 
well  as  for  machinery  in  general,  see  Article  390,  pages  453-4^J. 
In  the  case  of  wrought-iron  shafts,   it  is  important  that  the 

^  The  working  modulas  for  wrought  iron  is  the  result  of  a  tcfiei  of 
practical  triab  of  railway  carriage  axles,  extending  over  mainr  veanL  Inr 
Lieutenant  David  Rankine  and  the  Author. 
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continoity  of  the  fibres  at  and  near  tbe  surface  shonid  be  an  little 
broken  as  pogaible,  and  that  where  the  stress  is  severe  there  ubould 
be  no  re-entering  angles  in  the  outline ;  for  at  places  where  the 
fibres  are  interrupted,  and  at  re-entering  angles,  cracks  are  apt  to 
commence,  which  gradually  extend  inwards,  and  at  length  reduce 
the  sound  part  of  the  axle  to  so  small  a  diameter  that  ib  snaps  in 
two.  This  process  has  been  known  to  occupy  two  or  three  years, 
and  sometimes  more.  (See  Article  391,  pages  466,  457;  and  the 
authorities  referred  to  in  the  second  note  to  page  456.)  Hence, 
vhen  it  is  necesisary  that  a  journal  should  be  of  a  diameter 
materially  smaller  than  the  main  body  of  the  axle,  the  parts  ft 
ditferent  diameters  should  bo  connected  by  a  curved  and  not  by  an 
angular  shoulder;  and  the  reduction  of  diameter  should  as  far  us 
possible  be  produced  by  fotpng,  rather  than  by  cutting  or  turning ; 
the  process  of  turning  being  used  only  to  give  prccisioii  to  the 
slmpe, 

461.  GadBOMi'  vr  EBri-JaKnuU*. — A  gudgeon,  or  journal  at  tlie 
end  of  a  shaft,  ex|>osed  to  the  transverse  bending  action,  of  the 
bearing  pressure  only,  has  to  fulfil  two  conditions :  to  have  a  trans- 
verse section  sufficient  to  bear  the  bending  moment  safely;  and  to 
have  a  longitudinal  section  sufiicient  to  prevent  the  unguent  from 
being  forced  out  by  the  pressure. 

Let  W  denote  the  greatest  working  load,  or  bearing  pressure;  x, 
the  length  of  the  gudgeon;  h,  its  diameter,  hetp  be  the  proper 
value  of  the  pressure  per  unit  of  area  of  longitudinal  netum  (as 
to  which,  see  Article  310,  page  380);  and  let/be  the  modulus  of 
working  stresx.  Then  the  condition  as  to  proper  lubrication  is 
expressed  by  the  following  equation : — 

pxA- W; (I.) 

and  the  condition  as  to  strength  by 

jV/i'.W»; (2.) 

in  the  latter  of  which  equations  provision  is  made  for  the  con- 
tingency of  the  whole  load  being  concentrated  on  the  outer  end 
of  the  gudgeon.  The  fact  is,  that  in  well-made  and  well-Stted 
machinery,  the  resultant  load  acts  through  the  middle  of  the 
length  of  the  gudgeon,  or  very  nearly  so ;  and  that  the  bonding 

moment  at  the  shoulder  is  only  about  — ^- ,  instead  of  W  x;  bnt 

the  error  is  on  the  safe  side.  By  elimination  from  thow  two 
«quaUona  are  obtained  the  following  formulio : — 


/32  W'^1 


Tfi 


J 


542  MATERIALS,  OONSIHUOZIOV,  AHD  SCBBfCnS. 

length,*  =  A  •y'Q^) (4.) 

The  following  is  a  oonvenient  form  of  equation  (3)  for  praetieal 
use : — ^Let 

V  (^  "  «i  tken  A  =  y  (^ (3  a.) 

The  following  are  examples  of  the  values  of  the  co-effidents.  In 
each  case,  /  =  9,000  lb&  on  the  square  inch,  or  6*33  kilogrtmmes 
on  the  square  millimetre. 

/?,  lbs.  on  the  square 

inch, / 

p,  kilogrammes  on  the 

square  millimetre,...  / 
a,  lbs.  per  square  inch, 
a,    kilogrammes    per ) 

square  millimetre,...  J 

X 

V 


450 

300 

225 

150 

0-316 

0*2II 

0158 

0*106 

630 

SH 

446 

3<^4 

0443 

0*362 

0-314 

0*256 

1*40 


1*71 


1-98 


2-43 


In  the  case  of  cast  iron,  for  which  the  working  modulus  of 
stress  is  one-half  of  that  for  wrought  iron,  each  of  ihe  valaeB 
of  a  and  of  a;  -f-  A  in  the  above  table  is  diminished  in  the  ratio  of 
1  :  ^2  =  0*707  :  1. 

Another  method  of  calculation  is  to  fix  an  arbitrary  value  fsx 

the  ratio  of  the  length  to  the  diameter;  say  j^  =  m;  then  we  hare, 
by  equation  (2), 


32 


;^//A8=:Waj  =  #iiWA; 


and  consequently 


-v(5^=v©^ « 


if  a'  be  taken  to  denote 


•/ 


32  wi* 


The  values  of  the  ratio  of  length  to  diameter,  approvod  br 
Fairbaim  in  his  Treatise  on  MtUwark,  are,  for  cast  iron,  1*5, 
and  for  wrought  iron,  1  -75.  The  following  table  shows  the  cofw- 
sponding  values  of  a\ 


GUDGEONS— CK.ISK- PIS 9 — BEAKlNa   AXLES.  543 

Cut  IroD.       Wrooi^i  Iron. 

«». 1-5        ns 

/,  Ibd.  on  the  square  inch, 4i5o<3  9,000 

f,  kilogrammes  on  the  siiuaro  lailUmitre,  3*16  6*33 

a*,  Ibe.  on  the  square  inch, 394  504 

a,  kilogrammes  on  the  square  milliracitre]  0-307  ^'345 

All  the  rules  for  end-journals  apply  also  to  erani^na. 

4G2.  Boirlac  Axica  is  a  term  which  may  be  nsed  to  distinguish 
those  Bxlca  which  have  to  bear  a  beudiog  action,  but  not  a  twisting 
uctioD. 

An  axle  in  this  condition  is  to  be  tri<ot«d  as  a  beam ;  tlia 
bonding  moments  at  a  scries  of  ci-oss-acctions  being  calculated  by 
the  rules  of  Articles  434  to  43(t,  pages  OOo  to  510.  In  making 
those  calculations,  it  is  usual  to  aasume,  as  in  the  precedinp  Article, 
that  the  beaiing-pressures  act  through  the  extreme  cuds  of  the 
gudgeons. 

Tlie  crosii- section  adopted  must  ba  one  adapted  to  resist  bending 
actions  in  all  directions;  sucli  as  a  circle,  solid  or  iioUow,  a  solid 
octagon,  or  a  cross.  In  wrought  iron  and  steel,  the  solid  and 
hollow  circular  sections  are  suitable;  in  cast  iron,  the  hollow 
circular  and    the    cross-shajted   secLions;    in    timber,   the    solid 

In  the  oise  of  circular  sections,  the  diameter  is  to  be  calculated 
from  the  bending  moment  by  equation  (7  a)  of  Article  437,  page 
514:  that  is  to  aay,  let  M  be  the  greatest  working  bending 
moment;/,  the  modulus  of  working  stress;  m,  the  ratio  of  the 
diameter  of  the  hollow  (if  any)  to  the  outside  diameter;  then 

,  _  /        32  M        U     /  M         \i 

"-  v,(i-«.«)/;  =  V(i-w)«-; ; 0) 

if  a"  be  taken  to  denote  «/  -r  32.     The  following  are  examples  of 
the  co-efficienta: — 

Lail  Iruo.  WroBghl  Iruo.  SihL 

/,  lbs.  on  the  square  inch, 4. 500  9,000  13,500 

/,  kilogramraes  on  the  square  millimetre,  3'iG  6'33  jcs 

1   </,  lbs.  on  the  square  iiieli 441  88a  1,313 

To*,  kilogrammes  on  the  xquare  millimetre,  o'3i  0*62  0-93 

,8  of  course  to  be  understood  that,  wheu  British  1: 
H  to  bo  cxpreased  in  incli-Ibs. 

The  solid  octagonal  section  may  be  comddered  aa  practically 

ff'^Sqnivaleut  to  its  inscribed  circle. 

'         For  the  cTOM-thaped  teelion,  the  outside  diameter,  A,  is  in  the  fint 

^  ^loce  to  be  fixed;  and  then  the  requisite  Mctional  ana  ti  to  b< 
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calculated  hj  equation  (7  b)  of  Article  437,  page  514,  making 
^'  =  =-^  in  that  equation;  that  is  to  say, 

s.l?|!. (1) 

Bearing  shafts  are  frequently  tapered  from  the  place  of  greatest 
bending  moment  towards  the  points  of  support,  so  as  to  give  a 
langittidinal  section  of  equal  strength  (as  to  which  see  Article  438, 
page  517),  or  as  near  an  approximation  to  such  a  section  as  is  con- 
sistent with  practical  convenience. 

463.  iv«ck-Jonvaa]s. — A  neck-joumal  (ofben  called  simply  a  neck, 
and  by  Buchanan,  a  journal)  is  an  intermediate  part  of  a  shaft  or 
axle,  turned  to  a  smooth  and  truly  cylindrical  surfiice,  ao  as  to  fit 
its  bearing  easily,  as  stated  in  Article  371  a,  page  424.  If  it  is 
exposed  to  bending  action  only,  its  diameter  is  to  be  determined  by 
the  rules  of  the  preceding  Article ;  if  to  twisting  action,  or  to 
twisting  and  bending  combined,  by  rules  which  vrill  be  given  in 
the  ensuing  Articles. 

The  lengths  of  neck-journals  are  to  be  calculated  so  as  to  give 
the  requisite  area  for  bearing  the  pressure,  according  to  the  prin- 
ciples of  Article  310,  page  350. 

464.  Shafts  nnder  Torsion. — A  shaft  which  transmits  motive 
power  is  exposed  to  a  twisting  moment  throughout  its  whole 
length.  The  first  step  towards  determining  the  proper  diameter 
for  the  shaft  is  to  calculate  that  twisting  moment  from  the  power 
to  be  transmitted  and  the  speed  of  rotation,  according  to  the 
principles  of  Article  447,  page  628.  From  the  power  and  speed, 
the  result  obtained  in  the  first  place  is  the  mean  twisting  moment; 
and  the  greatest  twisting  moment  may  either  be  deduced  from  the 
mean  twisting  moment  directly,  or  may  be  provided  for,  together 
with  various  causes  of  additional  stress,  by  using  a  sufficiently 
large  apparent  /actor  of  safely ^  as  already  stated  in  Article  414, 
page  489. 

The  greatest  values  of  the  real  modulus  of  working  stress  in 
shafts  under  torsion  correspond  to  about  6,  as  a  real  fiictor  of 
safety.  The  apparent  modulus  may  be  considerably  less  when  a 
greatly  increased  apparent  factor  of  safety  is  used.  The  apparent 
factor  of  safety  is  sometimes  as  high  as  36. 

The  formulfe  to  be  used  in  calculating  the  diameter  of  a  shift 
from  the  twisting  moment,  or  from  the  power  and  speed,  as  the 
case  may  be,  are  as  follows.  Let  M  be  the  moment;  H  P,  the  real 
horses-power  to  be  transmitted;  N,  the  number  of  revolutions  per 
minute.     Then, 

'=</©-^(^^)^ p) 
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The  valuca  of  the  co-efficients  A  and  B  being  as  follows : — 

^  =  A«  =  I6  5'' W 

where  9,  is  the  modulus  of  working  stress,  real  or  apparent,  ao- 
oording  to  the  va^  in  which  the  moment  U  is  oalcutatea : — 

/.SN  C  8C    . 

^=  HP"  2VA  =  i^/ (3' 

where  C  denotes  the  number  of  units  of  work  per  minute  in  a 
horse-power. 

The  following  Table  shows  a  serim  of  examples  of  the  constants 
which  occur  in  these  formube : — 

Facto Bs  ok  Safety. 

ForCutlnin, 6"  9  11          i8 

WroDght  Inm, 6*         g  ii  iS  14         36 

Steel. 6*         9          I3i  '8  !?  3^ 

MoDULua  OF  Stress. 

"■taoh".".'.."™!      ■'■"=    '■'*■    '■"■■    <■!!»    3,"6=    VIS     ..530 

Kilogr«nin]e«  on  thB  I  „-        ,,,         ,,,         ,,,        _.,         ,.,       ,^„ 

a^milUmitte,  \  9*        ^  *        4  3        3'J        3  1         1-6      .■07 

M 

Values  of  A  =■-  ,-.. 

"ii^if.'.'^'i"!  ■■"»  ■■*»  ■■=■»  »"  '"  «"  J" 

"i,"-.'!:^'."!  "S       ■!=       ■"        "        S«     37S         .i 

".lo^SSKM         ■*.      -'     '^     -'3     o,.    .3,,      o., 
TALOTa  OF  B  =  ^^ 

AininehM, 33 '3  35     5i'5        70       105       14a      ito 

AioEcatiniUTca, 3S0         570      855      1,140     1,710     3,2So   3,430 

Apparent  factors  of  safety,  ranging  from  6'C  to  10,  are  found  in 
the  [uuldlc-itbafts  and  projicllcr-shofU  of  steam- vesBels,  the  real 
factor  of  safetj  being  seldom  above  G.  Apparent  factors  of  safety 
mnging  from  18  to  3G  are  met  with  in  the  shafting  of  mills;  and 
they  correspond  to  what  are  called  "light  shafting"  and  "heavy 
shafting  "  respectively, 

165.  ^BB  brttrttm  MavtiBv  mt  ■hBiia.— The  ordinary  rules  for 

■  ResI  tictor  of  safety. 

+  A  grunmitre  U  MW-l,00OUi  part  of  a  kilognuumttra. 
2lt 
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iixlDg  the  greatesfc  spaii  'between  the  Iwarings  df  a  fine  of  Bhaftbq; 
are  based  on  the  principle  that  the  defection  prodnoed  bj 
the  weight  of  the  shaft  itself^  and  by  any  additioiud  transverae 
load  wluch  may  be  applied  to  it,  shoold  not  exceed  a  certain 
Amotion  of  the  span.  JDiffiBientt  BsAhiaajgpsfe  difforant  Yaloai  fur 
that  fxaddon.  Li  the  ^Hewing  fonmto^&ie  valiid  adopted  k^a*- 
2,000th;  and  the  rule  obtained  agrees  with  that  given  by  Mr. 
Molesworth  in  his  Pocket  Book, 

A  general  formula  for  the  d^ectian  in  such  cases  is  given  in 
Actiob  439,  page  521,  and  is  as  &11owb: — 

t^  =  (1  +  ^)  jE^    ; 

m  being  the  proportion  which  the  additional  load  bears  to  the 
weight  of  the  shaft;  e,  the  half-span;  w^  the  heamMM  «f  the 
tnaterial ;  E,  its  modulus  of  elasticity;  n",  a  nnmencal  irmdift; 
^and  r,  the  radius  of  gyration  of  the  oross-section  of  Hbe  riulL  In 
most  cases,  the  load  may  be  treated  as- uniformly  distrilmted;  and 
as  there  may  be  a  coupling  near  each  bearing,  the  shaft  is  to  be 
treated  as  simply  supported,  and  not  fixed,  at  each  bearing;  so  that 

fiT  =  j^.     The  values  of  the  square  of  the  radius  of  gyration,  for 

the  figures  of  cross-section  which  occur  in  practioey  are : — 

For  a  solid  circular  section  of  the  diameter  A,  i^  =  — . ; 

• 

For  a  hollow  circular  section;  diamefcer  outside, )  ^ A*  +  A**  ^ 

h;  inside,  h';  )  TS"  ^ 

Cross-shaped  section;  breadth  over  anns»  h; 

r^  =  _  approximately. 

E 
The  value  of  -  may  be  taken  at  7,500,000  feet>  or  90,000,000 

inches,  or  2,286,000  metres. 

Putting  for  n'"  the  value  already  stated,  we  have 

v'  =  (1  +  m)  •  21^    2  ^  "^^  oonseqnontly 

5(l+m)M7"    c    '- -<^' 

giving  for  the  span  between  the  beanqgii^ 

\Ji  (11  «fJB)490/  ■** ••••••••••.(Xl 
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Let  —  =  ■  - ;  let  —  have  tlie  value  stated  above;  imd  let  tto 
nection  be  a  solid  circle ;  t^en 

"«-r__3EAi_V„/«_ALV.  ns 

'         Vi,SoO(l  +  «,>toy       \l  +  mJ  ' ^' 

in  which 

a  =  316,000  incbex  :=  6,500  mdlves  ncmriy. 

When  the  shaft  is  loaded  with  pulleys  and  with  the  tensions  of 

their  belts,  it  ia  usual  to  a.»s«mc  i»  -  „' 

The  result  of  equation  (3)  is  h  span  which  is  not  to  be  exceeded 
in  the  constmctinn  of  a  liixt  uf  ahafting  of  a  given  diameter. 

466.   MnA>   MBdcr   OmaWavd    mtrnMrng   Bud   TwImIh«  AsUmw. — 

When  a  shaft  in  strained  by  bending  and  twisting  actions  oora- 
bined,  two  cases  niay  be  diattngnished :  first,  where  the  bending 
moment  and  twisting  moment  are  both  given,  and  the  diameter  of 
the  shaft  ia  to  be  found;  for  eitamiile.  where  the  preasore  exerted 
on  u  crank-pin  produces  conibiuod  beudiug  and  twLHiug  actions  on 
ajoamal;  and,  secondly,  wheie  the  bending  moment  is  produced 
by  the  weight  and  re-action  of  the  shaft  itaclf,  and  therefore 
(ie|)endi<  on  the  diameter. 

I.  When  a  given  twisting  moment,  M,  u  oombtoed  with  a 
given  bending  matoeat,  H|  make 


^.'(Ms  +  M"^  +  M'  =  M";. 


d  find  the  diameter  required  in  order  to  bear  tufely  at 
mtetit  equal  to  M',  by  means  of  equation  (1)  of  Article  464,  p*ge 

A43.     An  exam{Je  of  this  problem,  calved  graphically,  is  ahown  in 

fig.  380,  which  represents  a  shaft  having  a  craitk 

at  one  end.    At  the  centre  of  the  crank-pin,  P,  ie 

applied  the  preBauri!  of  the  connecting-rod;  and 

at  the  centre  of  the  bearing,  8,  acts  the  equal  aud 

opposite  resistance  of  that  bearing.    Representing 

the  common  magnitude  of  those  forces  by  P, 

they  form  a  couple  whose  moment  ia 

P  ■  8  P.  ^ 

Draw  8  Q  bisecting  the  angle  P  8  M.     On  S  Q 

let  laL  the  perpendicular  P  Q.     From  Q  let  fall         Rg,  iBO. 

Q  M  perpendicular  to  S  Ttl. 

Calculate  the  diametor  of  the  sbafi,  as  if  to  reaiat 
moment,  M*  =  2  P  '  8  &I,  and  it  vill  be  itrong  enough  to 
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the  combined  bending  and  twisting  action  of  P  i^^tied  at  lV 
point  marked  P. 

The  greatest  longitadisal  stresa  on  the  particles  of  %  6h*R, 
produced  by  the  bending  action  of  its  own  weight,  and  of  any 
additional  load  or  re-action  bearing  a  given  proportion,  m,  to  it* 
own  weight,  is  found  by  applying  equation  (2)  or  eqnatiaa  (S)  <t 
Article  458,  pages  536  and  537,  to  the  caae  of  a  solid  cyUndncal 
body ;  that  is  to  say,  when  the  proper  substitutions  are 
have  the  following  value  for  the  intensity  of  that  sticas:- 

p  =  (cost  +  m)—r-; (1) 


in  which  e  is  the  half-span  between  the  bearings ;  A,  the 
w,  the  heaviuestt  of  the  material  (being,  for  iron,  0-278  Ifaa.  per 
cubic  inch,  or  7,690  kilogrammes  per  cubic  metre);  «,  the  iodiaa- 
tion  of  the  shaft  to  the  horizon;  and  m  the  proportian  borne  W 
the  additional  load  and  re-action  to  the  weight  of  the  shaft 

Iiet  q  be  the  real  intensity  of  the  greatest  atreas  dne  to  twiim^ 
It  is  given  by  the  formula — 

16  M 


4 


-(^ 


real   value  of  the  greatest   working  tvictik; 

1  nearly.  J     That  stress   is  a    shearing  e 

and  is  equivalent  to  tension  and  thrust  combined,  and  of  the  ■ 
intensity,  g,  exerted  in  two  directions  perpendicnUr  to  o    " 
tangential  to  the  cylindrical   surface  of  the    atuft,  ■ 
angles  of  45°  with  the  axis. 

The  remUant  stress  due  to  the  twisting  stress,  q,  and  tlw  b( 
BtresB,  p,  combined,  is  found  by  the  following  formala,  whidk  !■  i 
been  demonstrated  by   writers  on   the   Internal    eqiulibriaB  '  I 


-VG-?)^?^- 


where  *  denotes  the  intensity  of  the  reanltant  s 

The  conditions  which  the  diameter  of  a  shaft  ought  t»  h 
expressed  by  the  following  eqnation,  derived  from  e 


-?'-0i- 


in  which,  for  a,  is  to  be  put  a  safe  working  Talne  of  the  it 
rtresa  (say  8,000  lbs.  on  the  square  inch,  or  5-6  kilogrmimuid 
sqnare  millimStre),  and  for  p  and  q,  their  values  ■  " ' 

w,  »nd  K,  as  giveij   by  equations  (2)  and   (3)  i 
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equation  then  Incomes  of  the  gixlh  order;  and  it  ia  to  be  solved  so 
a»  to  find  It.  This  can  be  done  by  approximation  only ;  and  a 
convenient  method  of  approximation  is  as  follows  : — Aagume  for  q 
an  approximate  value,  g',  somewhat  less  thau  thai  of  i  (say 
q'  -  O'D  s).  Then  calculate  an  approximate  value,  h',  of  thiB 
diameter,  from  equation  (3),  vii.  : — 

^=(n.")' (»•) 

Then  calculate,  for  p,  an  approsimate  value,  p',  from  equation  (2), 

4  wc* 
p-  =  {cmi  +  m)—^.-; (G.) 

and  from  the  approximate  value  of  p  calculate  a  second  approxi- 
mate value  of  9,  as  follows : — 

f-Jif -'!>') (I.) 

Should  this  agree  with  the  first  appn>x.imate  value,  q',  the 
approximate  diameter,  A',  will  answer;  and  should  there  be  a 
difference,  a  second  approximation,  A',  to  the  required  diameter  ia 
to  be  coinpnl^d,  as  follows : — 

'•■'■f$^ w 

When,  as  is  nsnally  the  cose,  the  difference,  ^  —  q',  is  small  com- 
MU«d  with  q',  the  followioK  formula  for  the  second  approximation 
IS  sufficiently  near  the  truth  : — 

'•-M'*t;-} w 

A  third  approximation  might  be  found  by  repeating  the  prooen; 
bat  the  second  BpI>roximation  will,  in  general,  be  found  aocnrate 
enough  for  practical  purposes. 

4(iT.  ctniwttmwl  whiriiBiarskBiu.* — Any  small  deflection  of  the 
centre  line  of  a  shad  from  the  straight  axis  of  rotation  girea  rise,  on 
the  one  hand,  to  centrifugal  force,  tending  to  make  the  deflection 
become  greater;  and,  ou  the  other  hand,  to  elastic  stresis,  reaisting 
the  deflection,  and  tending  to  straighten  the  centre  line  again.  The 
resistance  to  deflection  may  bo  shortly  called  the  ttifneit.  In 
very  small  deflections,  the  centrifugal  furce  and  the  stiffness  both 
increase  according  to  the  same  law,  being  buth  sensibly  propor- 

■  Tbs  nibatanca  cf  this  Article  lint  sppMrcd  in  the  Engineer  of  tllA 
Mlt  Ajiri],  IM». 
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Ihe  combined  bending  and  Iwii^  actioB 
point  marked  P, 

Thr  createet  longitD(tin»I  atns  on  tl^  i 
producrd  by  the  bending  action  of  i«  own 
sdJitional  load  or  re-action  beuing  a  aiveo 
own  wwght,  is  found  by  applring  fflir.ipiT,  ■ 
Article  tSS,  fngee  m  and  537,  to  ihf  l^I^ 
\x>dj:  that  is  to  Kj,  when  the  proper  .-ub«i- 
b««  lb«  fijiiowing  value  for  the  intwisitj  of V 

m  «Ucb  « ia  tbe  half-span  between  tba  Uws 
■k  Ikt  k«ri»M  of  the  material  (betoK  tk 
«ilm  mk,  ar  7,690  kilogrammes  per  cueje  &■ 
iHBtf  Ikttfcaft  to  the  horizon;  and  m  tu| 
tfc*  ■AIMcmI  tnad  and  re-actiau  to  tbe  veM 
Im  f  W  tb*  fmI  iotcnaitT  of  the  gnatnt  ■ 
It  i*  fma  tgr  tk«  formoht- 
lSM 

vftv*  3C  M  tif  red  value  c 

■§■■>.  (-  =  S-1  netri/.l    That  i 

mi  ft  w\mntmt  to  btasion  and  thntk  d 
^■■gi^  f^  tanei  in  t<n>  dirKlMu  p( 
aMiHlJ  M  Iftr  criuidrieaJ  fwlSw*  ■ 
»^«r«Ml^aik 


iiient  to  put,  instead 
ilionB  persecoDd,  and 

rly)  b  the  altitude  of 
.nlntiot)  in  n.  second. 


:>  Hm  maw  units  of 
<  r  they  are  csprG89«d 

I  inlow  -which  ccntri- 
un  length,  I,  are  uf 

1  at  tlie  two 

(=•) 

<«■) 

•Hi. 
('•) 

-    anil   ila  squaru 
<■: — 


I   Lhc  nbnft;  Mwfa  aa  ■ 
l  force  whoa  it  ia  la  ika 


a»««t»»i*a»»j  n  I-  ,a.. 


|i<  ^iibr    Oa  Ik  M^X 


IIMI    IT  lit 


krfkl|;ll,t 


'  -       'i    I  I  "^    i'-'    I f 
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In  pnctical  calculations  it  may  be  coaveoient  to  put>  iiutead 
of  ^,  -jj  where  »  is  the  number  of  revoltitione  per  second,  and 

A  =  j^  (  =  0-81S  foot,  or  0-248  m^tre,  noarly)  is  the  dUtude  of 

a  ravolviog  pendulum  which  makea  ona  revolution  in  a  socund. 
This  gives,  fior  the  valna  of  b, 

^-C^^' w 

It  in  obvious  that  r  should  be  expressed  ia  the  same  units  of 

E 
measun!  with  —  and  A;  for  example,  in  feet,  if  the^  are  expressed 

in  feet. 

Tlie  invcTM  fonnuln  for  the  limit  of  speed  lielnw  which  centri* 
ftigal  whirling  is  impossible  in  a  shaft  of  a  given  length,  /,  are  of 
eunrse  as  follows  : — 

Make  i  =  2  c  x  03183  for  a  shaft  supported  at  the  two 
endtf,  and  of  the  half  span,  c; (3.) 

Or  6  -  0-5317  c  for  an  overhanging  shafts (6.) 

Then  the  limit  of  speed,  in  revolulions  per  second,  is 

"=iV¥ w 

The  following  are  approximate  values  of  and   its  sijuarc 

and  fourth  roots,  for  British  and  Fi-cneh  nuasnrcs  : — 

W  V         10         \    »    / 

PVwt, 6,100,000        2,470  497 

Mitres, 566,000        753-4  37-4 

Aa<  additional  man  tanting  along  with  the  shaft,  mtek  aa  ■ 
pull^,  has  little  cfiect  on  the  centnfu^  force  when  it  is  in  the 
usual  position  ;  that  is,  close  to  or  Dear  to  a  bearing. 

The  cfTect  of  an  additjonsl  rotating  load  distributed  uniform^ 

almig  the  shaft  may  be  allowed  for  by  dinuaiahing  die  height  — 


I 
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of  the  modulus  of  elasticitj  iu  tbe  same  pioportioii  in  which  the 
weight  of  the  shaft  itself  is  less  than  the  gross  load. 

The  effect  of  an  additional  rotating  load  at  a  point  not  near  a 
bearing  has  not  yet  been  investigated.  The  problem  is  capable  of 
solution  by  means  of  the  general  integrals  already  known  j  but  it  is 
not  of  much  practical  importance;  for  when  a  daft  is  bo  long  and 
so  rapid  in  its  rotation  as  to  require  precautions  against  centri- 
fugal whirling,  the  first  precaution  is  to  avoid  loading  it  with 
rotating  masses  which  are  not  very  near  the  bearings. 

468.  DimeMioM  mi  c««pliB0i. — Couplings  have  already  been 
referred  to  in  connection  with  disengaging  and  re-engaging  gear, 
in  Article  260,  page  295.  An  ordmaiy  shaft-coapling  may  be 
described  as  consisting  of  two  discs  at  the  ends  of  the  two  leDgths 
of  shafting  to  be  coupled,  which  two  diacs,  when  put  together,  fixm 
one  cylinder;  each  of  the  two  discs  being  cylindrical,  and  hanD|^ 
on  the  side  which  faces  the  other  disc,  alternate  projecting  and 
receding  sectors:  the  projecting  sectors  forming  daws,  wh&  fit 
into  the  hollows  and  between  the  claws  of  the  opposite  d^sa  When 
there  is  only  one  projecHng  sector  or  claw  on  each  disc,  of  a  semi- 
cylindrical  figure,  the  coupling  is  the  dtcuUur  halfAap  eoupluig, 
introduced  by  Mr.  Fairbaim.  It  ib  described  by  him  in  the  foUov- 
ing  words  {TrecUise  on  MiUa  and  MUlworky  Part  IL,  page  81):— 
"  It  is  perfectly  round,  and  consists  of  two  laps,  turned  to  a  gaoge, 
and,  when  put  together  by  a  cutting  machine,  it  forms  a  complete 

cylinder. A  cylindrical  box  is  fitted  over  these^ 

and  fixed  by  a  key,  grooved  half  into  the  box  and  half  into  the 
shaft.  The  whole  is  then  turned  in  the  lathe  to  the  same  centra 
as  the  bearings  of  the  shaft     .     .     .     .^' 

The  following  are  the  proportions  given  by  Mr.  Fairbaim  for 
this  coupling : — 

Area  of  the  coupling, =  2  x  area  of  the  shaft 

Or,  in  other  wonis,  diameter  of)  ^  j^j^j      di«neter of diift. 

coupling, J  ^— **««•«  w  •— • 

Length  of  lap, =  diameter  of  shaft 

Length  of  box, =  2  x  diameter  of  abaft 

To  which  may  be  added,  outside  )       oi       j«        i.        ^  *   ^^ 

diameter  of  box, ^. }  =  ^  ^  diameter  of  shaft 


469.  Bashes  umA  piMikflr-BiMsks. — The  following  roles  for  the 

dimensions  of  the  brasses  or  bushes  of  bearings  for  joania]fl»  and  of 
the  plumber-blocks  which  carry  those  busheSy  are  given  on  the 
authority  of  Mr.  Molesworth : — 

Bush:  thickness  of  metal  at  bottom  =  015  inch  4*  fiom  009  to 
0*12  diameter  of  journal 
9i     thickness  of  metal  at  sides  =  f  thicknen  at  bottom. 
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l^umER- Block  ;  thickness  of  sole-plate  =  0-3  dianietor  of  journal. 

„  thickness  of  cov^r  =  0'4  diameter  of  jonrnaL 

„  diameter  of  bolts,  if  two  in  number  =:  O'SP  dia- 

meter of  joumaL 
„  „  if  four  ill  number  =  0-18  dia- 

meter of  journal. 


Seotios  lV.—Sj>ecial  Rulen  rdaling  to  Pulleyt,  Whatlt,  Teath, 
arid  Leveri. 

470.    Tnlk  aad   RIhs  af   Wbeel^  aad   DlBnilau  drpeadlBi  ai 
tkcM. — Tlic  teeth  of  wheels  are  laado  ntrong  ei 
bending  moment  which  may  arise  from  the  wholf 
bv  a  pair  of  wheels  happening  to  act  on  one  c< 
snch  as  D  in  fig.  281, 

In  fig.  261  A,  let  the  shaded  part  represent  a 
section   of  the   rim   of  the  ^ 

wheel  A  of  fig.  281,  and  let 
E  H  K  P  be  the  face  of 
tooth, on  one  comer  of  which, 
P,  acts  the  forco  represented 
by    that    letter.      Conceivo 


'Xm4i 


lough  to  resist  the 
!  force  transmitted 
nner  of  ouc  tooth, 

portion  of  a  cran- 


ride  E  P  to  the  creat  P  K,  ^ 

and  let  PG  be  perpendicular  —     ,., 

to  that  plane.     Let  A  be  the  ^' 

thickness  of  the  tooth,  and  let  E  F  =  6,  P  O  =  2. 

Then  the  bending  moment  at  the  sectdon  E F  is  PI,  and  tlw 
greatest  stress  produced  by  that  moment  at  that  tection  ia 
SPi 

vhicb  is  a  maiimiim  when  ^r  P  E  F  =  45*,  and  h  =  2t,  having 


Consequently,  the  proper  thickness  for  the  tooth  is  gi?en  by  tb« 
«qnati(Hi 

This  formula  is  Trcdgold's;  according  to  whom  the  proper  valno 
for  the  greatest  working  stress,/,  is  4,^00  Iha.  on  the  square  iochf  , 


v^ 
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when  the  teeik  ace  of  cast  iBOu;,  and  about  1,125.  Iba.  oailiaamn 
inch,, whaa  they  ase  wooden  cogs;  bemg  eqoivaient  reqiaetiraj  to 
3*2  ami  to  0*8  kUogmmnup  on  the  aquaze  miiliindtre;  lothata 
wooden  cog.ha8  twice  the  thickness  of  a  cast-iron  tooth  fitted  to  bear 
the  same  presBure. 

The  thickness  having  been  thns  determined,  the  pitch  is  to  be 
deduced  from  it  by  the  following  formula : — 

T^..  ,       hi-h  0-034noh      h  +  0-5  miUimdtra 

Pitch  =  jr-r^ =» j7-5-= ; (1) 

0-47  0-4:7  '         ^  ' 


and  all  the  other  dimensions  of  the  teetb^  and  of  the  ring 
oaniea  them,,  are  to  be  calculated  from  the  pitch,  by  means  of  inks 
which  have  already  been  given  in  Artiole  125,.  page  117. 

It  has  already  been  stated  in  the  rules  reifiarted  to^  thai  the 
depth  of  the  ring,  when  cast  along  with  the  teeth^  is  equal  to  tbe 
thickness  of  a  tooth  at  its  root  In  a  morttse-wheely  with  a  cast- 
iron  ling^  and  wooden  cogs  fixed  into  mortises  in  the  ring,  the  depth 
of  the  ling  is  about  equal  to  the  pitch.  The  thickness  of  metal  in 
the  ring  regulates  the  thickness  of  metal  in  other  parts  of  the 
wheel,  which  should  be  the  same,  or  nearly  the  same. 

The  hoop-shaped  ring  which  carries  the  teeth  of  a  wheel  is  often 
strengthened  by  means  of  a  rib  or  feather  in  a  plane  normal  to  the 
axis,  and  sometimes  by  means  of  two  such  ribs,  so  as  to  make  the 
cross-section  of  the  rim  T-shaped,  or  trough-shaped,  as  the  r%m  may 
be.  The  sectional  area  of  the  rim  in  such  cases  is  made  nearly 
equal  to  that  of  the  arms,  which  is  determined  by  mA^n*  of 
principles  to  be  stated  further  on. 

The  breadth  of  a  wheel  is  regulated  by  that  of  the  teeth,  whidi 
is  found  by  one  of  the  rules  already  referi'ed  to.  The  breadth  of  a 
pulley  is  regulated  by  that  of  the  belt  which  is  to  run  upon  it  *  and 
the  swell  (as  already  stated  in  Article  170,  page  184),  is  one-24th 
of  the  breadth. 

471.    JBoM  and  Arms  of  ■  Wheel  or  Palley— When  a  wheel  or 

pulley  is  cast  in  one  piece,  the  nave  or  boss  is  umially  abont  twice 
the  diameter  of  the  shaft  on  which  it  is  fixed,  and  aomeiimfls  a 
little  less.  When  the  arms  are  cast  separate  from  the  boss,  and 
inserted  into  sockets  in  it,  where  they  are  fixed  by  means  of  bolts 
or  of  wedges,  the  boss  is  from  three  to  four  times  the  diameter  ol 
the  shaft. 

A  small  wheel  or  pulley  often  has  instead  of  arms,  a  thin  flat 
disc,  whose  thickness  may  be  made  equal  to  the  thickness  of  metal 
round  the  eye  of  the  bosa  In  rapidly  revolving  pulleys,  the  arms 
are  often  made  of  a  flat  oval  section,  so  as  to  cleaTe  the  air 
edgewisa  The  arms  of  wheels  are  usually  of  a  T-elumed, 
shaped,  or  tubular  form  of  section. 


BTaKKaXH  o^ 
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T»  calcolate  the  bending  moment  which  each  of  the  arms  of  a 
wheel  has  to  resist,  let  M  be  the  greateet  moment  of  the  effort 
traiiemitted  by  the  wheel ;  n,  the  number  uf  aruu;  r,  tlie  geomet- 
rical radiue  of  the  wlieel,  from  the  axis  to  the  pitch-line;  K,  the 
k'Dgtli  of  an  arm,  from  the  boss  to  the  rim;  M',  the  bi>udiug 
moment  on  each  arm ;  then  two  casen  may  be  dJBtinguisheii 

L  If  the  arms  and  rim  are  mode  in  one  piece,  either  bj  casting 
or  by  welding; 


Mx 


..(1.) 


and  this  formula  ia  applicable  also  to  wheels  like  the  paddle  wheels 
of  a  stt^mer,  in  which  wronght-iron  arms  are  rigidly  bolted  or 
rivetted  both  to  the  boss  and  to  the  rim. 

IL  If  the  arms  are  cost  along  with  segments  of  the  rim,  and 
baCeuod  into  sockets  in  the  bou; 


M'  = 


-(2.) 


TTiiB  second  formula  ia  based  on  the  sappoaition  that  the  joiot 
vhere  an  arm  is  inserted  into  the  boia  cannot  safely  be  tnutMl  lo 
bear  any  part  of  the  bending  moment  This  is  uut  strictly  correct, 
but  it  is  an  error  on  the  safe  side. 

The  transverse  section  of  the  arm*  is  to  be  odapti^  to  bear 
safely  the  working  moment  thus  found,  by  the  aid  of  tlie  rules  of 
^Ude  437,  pages  514  to  516. 

In  Cose  I,  the  greatest  bending  moment  is  uerted  on  tsch  arm 
at  two  points,  close  to  the  rim  and  close  to  tiie  boss  reqwetiTely; 
in  Case  11,  the  greatest  bending  moment  is  exerted  close  to  tbs 
tim. 

Another  way  of  adjusting  the  strength  of  the  anna  to  tbe 
■onKTitt  «Z(rted  through  them  is  aa  followa: — Harii^  fixed  the 
fignie  and  dimensions  of  an  arm  according  to  convenimoe,  "tf'^f^*^ 
tie  wevldng  moneat  to  whkh  it  is  adapted;  let  tUi  bs  dsaots4 
by  3f ;  then  tbe  number  of  arms  required  in  givea  bf  llw  bOoviig 
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9,000  lbs.  ou  the  square  inch,  or  6*3  kilogrammes  on  the  square 

millimetre. 

472.    CenlriltagAl  TeaaiMi  !■  Wkeefti  umI  Paltoy*.— Tlie  rim  of  a 

wheel,  moving  with  the  velocity  r,  is  subjected  to  a  ceotiifbgal 

tension  whose  amount  is  equal  to  the  weight  of  a  lenMii  —  of  that 

rim  (including  teeth,  if  it  is  a  toothed  wheel).  This  is  nsisted 
by  the  tenacity  of  the  rim  at  its  smallest  cross-sectioii  (or  by 
the  fastenings  of  the  rim,  if  it  is  made  in  aegmeutsl  partly 
assisted  by  the  tenacity  of  the  arms.  Each  of  the  arms  has  to 
bear  its  own  centrifugal  tension,  which,  at  a  point  dose  to  the  boa* 
is  equal  to  the  weight  of  a  length  of  the  arm  itself  expcesed 

Ig-  ;  r  being  the  radius  of  the  wheel,  and  r*  that  of  the 

boss ;  and  on  the  whole,  it  is  an  error  on  the  safe  side  to  make  the 
rim  strong  enough  to  bear  its  own  centrifugal  tension  without  aid 
from  the  arms.  This  fixes  a  limit  of  safety  as  to  speed,  for  a  rim 
of  a  given  material  and  construction.  Let  m  be  the  ratio  in  which 
the  mean  sectional  area  is  greater  than  the  effective  .sectional  ana, 
/"the  greatest  working  tensile  stress,  and  let  to  be  the  heaviness  (^ 
the  material ;  then  the  greatest  proper  velocity,  being  *hf\t  which 
produces  the  stress/)  is  given  by  the  formula : — 


.,(,-^ 


"Vi 


mw) (^•) 


/ 
The  modulus,  ~,  for  cast  iron  may  be  taken  at  800  feet,  at  '344 

metres ;  so  that  when  m  =  1,  as  in  a  pulley,  or  a  fly-wheel  without 
teeth,  we  have  r  =  160  feet,  or  49  mitres,  per  second  nearly.  Lei 
a  cast-iron  spur  fly-wheel  be  so  designed  that  fit  s  2;  then  v  s  113 
feet,  or  34  mdtres,  per  second  nearly. 

/ 
The   modulus,  -,  for  wrought-iron  wheel-tyres    that  aro  not 

welded,  but  rolled  out  of  perforated  discs,  may  be  taken  at  2,400 

feet,  or  730  mitres. 

473.    Ten«l«n-AraiB   of  Vertlcid   W«l«f^Wh«Ha. — The    weight    of 

a  gi'cat  vertical  water-wheel,  of  the  construction  intiodaoed  by 
Hewes,  is  hung  from  a  cast-iron  boss  by  means  of  wronght-iioa 
tension-rods.  The  load  is  distributed  amongst  the  rods  whicht  at 
a  given  instant,  point  obliquely  or  vertically  downwards  from  the 
boss;  and  the  amount  of  the  tension  on  each  rod  is  proportional 
nearly  to  the  square  of  the  cosine  of  its  inclination  to  the  vertioaL 

The  mean  value  of  that  square  is  nearly  •^;  and,  at  any  inrtanti 

half  the  total  number  of  rods  point  downwards.    Hence^  bl  /  ba 


r 
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Ae  inteiuity  of  the  tension  on  tho  rods  whii-b  point  vertically 
domiwardB;  S,  the  actional  uea  of  a  rod;  n,  the  number  of  rods; 
W,  the  load;  then 

b/8. 


W  =  '^-'-^: 


and 


S 


4W 

"   "/■■ 


..(2.) 


For  the  working  value  of/  we  may  take  from  9,000  to  10,000  lbs. 
on  the  square  inch ;  or  from  6-3  to  7  kilogrammes  on  the  tquare 
millim^re.  (See  A  Manual  of  the  Sleam-Eng\}ie  and  other  I'ritue 
ifovarg,  Article  155,  pages  181,  182.) 

474.  Braced  Wbnli. — Instead  of  transmitting  power  between 
the  boss  and  the  rim  of  a  wheel  hy  means  of  the  resistance  of  the 
arms  to  bending,  the  arms  may  be  bo  placed  as  to  transmit  power 
by  their  direct  tension  and  thrust;  and  for  that  purpose  they  must 
not  be  radial,  but  must  lie  in  the  direction  of  tangents  to  a  circle  of 
a  isdius  somewhat  smaller  than  that  of  the  boss.  I^et  r'  denote  the 
radius  of  this  circle;  n,  the  number  of  arms;  K,  the  greatest 
moment  transmitted;  then  the  amonnt  of  the  greatest  stress  along 
an  arm  is  given  by  the  following  expression  : — 

M 


This  is  tension  for  one  half  of  the  arms,  and  thrust  for  the  other 
half;  and  their  dimensions  are  to  bo  determined  by  the  mica  of 
Article  450,  pages  S37  to  539. 

475.  l«Tcn,  BcsB*.  ■■■!  Cnak*  have  nsuaily  one  or  two  arms, 
OS  the  case  may  be;  and  each  ami  is  in  the  condition  of  a  bracket; 
the  greateat  bending  moment  being  exerted  at  that  croaS'seGtioii 
which  traverses  the  fulcrum,  or  axis  of  motion.  In  the  crank  of  a 
steam  engine,  the  greatest  bending  moment  is  identical  with  the 
greatest  twisting  moment  exerted  on  the  shaft  to  which  the  crank 

In  ordinary  cases  it  is  unnecessary  to  add  anything  to  the  rnlea 
which  have  already  been  given  in  Article  434  to  438,  page*  504 
to  617,  for  determining  bending  moments,  and  the  transverse 
dimensions  required  in  order  to  reaist  those  moments.  Crnnka  are 
OBoally  rectangular  in  section;  levers  and  walking  beams  arc 
■ometiines  rectangular  and  sometimes  X-shaped.  The  bending 
moment  ia  in  most  cases  exerted  in  contrary  directions  alternately, 
ao  that  the  cross-aection  mnst  be  made  symmetrit^l  about  the 
aentral  axis;  and  for  the  modulus  of  stress  mnst  be  taken  a  safe 
working  valne  of  that  kind  of  stress  agiunst  which  the  material  ii 
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<w6ake6t;  tension  for  cast  iion,  throflt  for  wioag^  i 
example : — 

OiatlraD.       V] 

Lbs.  on  the  square  inch, 3000  6000 

Kilogrammes  on  the  square  millimjtoe, . ,.        2-1  4*2 

Holes  made  in  a  lever  for  the  purpose  of  inserting  {nns  should 
be  as  near  as  possible  to  the  neutntl  layer;  that  being  the  position 
in  which  the  removal  of  a  given  area  of  material  weakens  the 
lever  least. 

The  following  rules  for  the  proportioiiaie  climennaiiB  ai  a  #fBi 
engine  crank,  made  to  be  keyed  on  the  end  of  ashaft^areiiifltt 
deduced  by  Mr.  Bourne  from  the  praotioe  of  Mean.  Boiitaa  aad 
Watt  :— 

of 


Crank-web;  thioknen  produced  to  osBlse  of  sludS^.  07$ 

„           breadth  produced  to  centie  of  ahaft^..^  1-90 

Large  Eye;  breadth,...^ »....- •....^••^.  175 

,,           thiokneas, ..•...^•, •.  0-45 


Crank- web ;  thickness  produced  to  centre  of  pin, i  -lo 

„           breadth  produced  to  centre  of  pin, 1-60 

Small   Eye;   breadth, 1-87 

„            thickness, 0-63 

CraDk-pin  Journal ;  diameter, ,^.  1-40 

»              »         length, i<6o 

As  to  Crank-pins,  see  pages  541  to  543. 


Trussed  or  framed  levers  are  sometimes  used ;  as  in  iiie  walkii^ 
beams  of  American  river  steamers.  A  beam  of  that  aort  gjuwrti 
mainly  of  a  cast-iron  cross,  having  the  ends  of  its  «n«  tied 
together  by  four  wrought-iron  tie-rods,  forming  a  loaeas^-dMed 
figure.  The  long  arms  are  from  twice  to  three  times  the  kngfk  «f 
the  short  arms.  The  long  arms  are  always  in  a  state  of  ihrast;  the 
upper  and  lower  tie-rods  alternately  are  subjected  to  tension;  and 
the  upper  and  lower  short  arms  of  the  crass  altematelj  aie 
jected  to  a  tlu-ust  equal  to  twice  the  load.  The  load,  the  ^ 
along  a  long  arm,  and  the  tension  on  a  tie-fod,  are  to  eaol 
nearly  in  the  proportions  of  t^e  length  (tf  a  short  ans,  tke  P^^ 
of  a  long  arm,  and  the  leii^gih  of  a  tie-rod. 


CHAFTZB  IT. 


««L  ttwi  If    _ 
i^  MfaMj  cf  the  TMita  oT  »  Mffcini,  itw  oaljr  an, 

rtyp  mil,     n.  ji   iiii  ■  rf  fiw  ■fci*  *i  «— th 

ok.     TWofcjwtrfttepMw*  thif<wi«lDgh»>  Wrf 
•r  «K  famamkm  waom  «UA  *•  aMiM  «f  «h  taafa 

k.      HirJa^arf-f      111         II    i|-ft*».     If  I    II 

jfriiifif   'i  ri-  .III    r  itnmf^4ni»ra^Htm, 
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both  kinds  of  tools.  A  bar-shaped  shaft  is  sometimes  called  a 
The  blade  or  shaft  of  a  tool  is  sometimes  made  of  iron,  and  edgoA 
or  pointed  with  steeL  A  larger  piece,  to  which  the  blade  is  fixed, 
is  called  the  stock;  and  in  the  case  of  hand-tools,  that  part  of  the 
stock  which  is  grasped  by  the  hand  is  called  the  handle.  The 
stocks  and  handles  of  hand-tools  are  nsoaU  j  of  wood  of  some  8(3t>ng 
and  tough  kind.  Where  steady  pre^re  is  to  be  exerted,  stiff 
woods  are  to  be  chosen,  such  as  beech  and  mahogany ;  where  Mows 
are  to  be  given,  flexible  woods,  such  as  ash.  Machine-tools  are 
held  in  to^hoidera  of  different  sorts^  made  of  cast  and  wiooght 
iron.  A  reH  is  a  fixed  or  moveable  sapport  for  a  catting  tool,  in 
machine  tools,  the  rest  carries  the  tool-holder. 

The  term  machine-tool  is  often  am>lied,  not  merely  to  the  cutting 
implement  itself,  but  to  the  whole  machine  of  which  it  forms 
IMirt. 

The  piece  of  material  which  is  being  cut  by  a  tool  is  commonly 
called  me  work,  A  given  relative  motion  of  the  work  and  catting 
tool  may  be  obtained  either  by  keeping  the  work  fixed  and 
moving  the  tool,  or  by  keeping  the  tool  fixed  and  moving  the  work, 
or  by  a  combination  of  both  those  motions. 

478.  €iaMiflcaU«M  vf  Cnitfaic  T««b. — ^The  following  classification 
is  that  of  Holtzapffel.  Cutting  tools,  according  to  their  mode  iA 
action  on  the  bodies  to  which  they  are  applied,  are  divided  into 
JShearing,  Faring^  and  Scraping  tools;  the  following  being  the 
characters  by  which  those  tools  are  distinguished  from  each 
other. 

I.  A  Shearing  Tool  acts  by  dividing  a  plate  or  bar  of  the 
material  operated  on  into  two  parts  by  shearing ;  that  is  to  say, 
by  making  these  two  parts  separate  from  each  other  by  sliding  at 
the  surface  of  separation. 

IL  A  Faring  Tool  cuts  a  thin  layer  or  strips  called  a  ektMvmg, 
from  the  surface  of  the  work;  thus  producing  a  new  surfisu^e. 

III.  A  Scraping  Tool  scrapes  away  small  partides  from  the 
surface  of  the  work;  thus  correcting  the  small  iirqplarities 
which  may  have  been  left  by  a  paring  tooL 

479.  ShMuriag  «■«  PiiBchiiig  T^^ih — ^A  pair  of  ahean  lor 
cutting  iron  usually  consists  of  two  blades;  the  lower  fixed, 
and  the  upper  moveable  in  a  vertical  direction.  The  inner 
faces  of  the  blades  are  plane,  and  are  so  fitted  as  to  slide  mat 
each  other  very  closely,  but  without  appreciable  frictioii.  The 
ordinary  angle  for  the  cutting  edges  is  from  75**  to  8(f,  In 
shears  for  cutting  plates,  the  edge  of  the  lower  blade  is  horiaontel; 
that  of  the  upper  blade  has  an  inclination  of  firom  S**  to  6**,  ia 
order  that  the  shearing  may  begin  at  one  edge  of  the  plntrL  tad 
go  on  gradually  towards  the  other  edge.  Fig.  282  mprrtaita  a 
<:ro8S-8ection  of  the  blades  of  a  pair  of  shears,  with  th&  tm^t^t^ 
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ed^  Kt  A  and  B,  and  having  betwnen  them  a  plate  or  bar,  0  C, 
wliich  is  to  be  shorD  tkrougli  at  the  plane  whoBe  traoo  is  tlis 
dottod  lioe  A  B. 

The  blades  of  shears  for  cutting  anglc-irnu  burn  have  V-ahapod 
edges,  to  Biiit  the  form  of  crosa-iicction  of  the  bam 

The  claw  of  shearing  tools  comprehends  also  tools  for  punching; 
-the  only  difference  being  in  the 
form  of  the  surface  at  whicli 
shearing  takes  place  j  which  fomi 
deteroiiucs  that  of  the  cutting 
edges  of  the  tools.  The  general 
principle  of  the  action  of  those 
tools  is  shown  in  fig.  283;  in 
'n'hich  C  C  is  a  plate,  tying  upon  ~ 
the  die,  represented  in  vertical 
section  by  B  B;  that  in,  a  flat  , 
disc  or  block  of  hard  steel,  havic^ 
in  it  a  hole  a  little  larger  than 
the  hole  that  ia  to  be  poncbed 
ill  the  plate.  A  is  the  punr/i, 
of  a  cylindrical  figure,  its  base 
being  of  the  size  and  figure  of 
the  hole  to  be  made.  The  descent 
of  the  punch  causes  the  material 
of  the  plate  C  C  to  separate  by 
shearing  at  the  surface  whoae 
traces  are  marked  by  dotted  Unes, 
and  drives  out  a  piece  called  a 
toad,  which  drops  through  the 
hole  in  the  die.  The  wad  is 
slightly  conical;  its  upper  end 
being  of  the  siie  of  the  punch, 
and  its  lower  end  nearly  of  the 
size  of  the  hole  in  the  di& 

The  ordinary  difference  of  dia- 
meter between  the  punch  and 
the  die  langc*  from  01  to  0-3 
of  the  Uiickaeaa  of  the  f>l«t«; 
Sometimes  the  die  is  made  pro- 
portionately larger,  in  order  that 
tbe  bcdw  may  be  toon  oooical. 

The  BmUer  end  only  of  a  pnoelwd  hok  ia  aenomte  in  ibe 
•sd  figm^aad  rr**'*'  Tbe  laigR  md  m  man  or  lev  ifngnlar 
mad  noBd.    Vha  it  b  ainifiy  tliat  »  pvndwd  hob  MMld 
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The  preaaum  required  for  shearing  or  for  pimdiiDg  maj  be 
OKloolated  by  means  of  the  following  formnla : — 

P=>c«; (1.) 

in  which  t  is  the  thickness  of  the  plate  to  be  shorn  or  punched;  e, 
the  length  of  the  cut;  that  is,  the  breadth  of  the  plate,  for  shearing, 
on  the  circumference  of  the  hole,  for  punching;  so  that  c<  is  the 
urea  of  shorn  surfaoe ;  and  /,  the  co-efficient  of  ultimate  resistance 
to  shearing;  which  may  be  estimated,  for  malleable  iron^  at 

50,000  lbs.  on  the  square  inch,,  or 

35  kilogrammes  on  the  square  milliindtre. 

The  work  of  shearing  or  punching  is.  estimated  by  Wmahaach 
{Tngenieur,  §  129)  as  equal  to  that  of  overcoming  the  resistance  P 
through  one-sixth  of  the  thickness  of  the  picUe;  that  is  to  say,  it  is 
expressed  by 

6  6    ' ^^^ 

and  this  is  the  net,  or  usefol  work.  The  same  author  estimates 
the  counter-efficiency  of  shearing  and  punching  machines  at  from 
14  to  1^;  so  that  taking  the  higher  of  those  estimates,  the  total 
work  of  such  a  machine  at  one  stroke  is 

4    "     4   ' " ^^^ 

and  this  formula  is  to  be  used  in  calculating  the  power  required  to 
drive  such  machines,  and  the  dimensions  of  their  fly-wheels  (see 
page  410). 

480.  Parina  aad  Scraping  Tools  In  Go— ■■!> — ^The  general  natm« 
of  the  modes  of  action  of  paring  and  of  sending  tools  is  illustrated 
by  figs.  284  and  285;  paring  being  represented  by  fig.  284;  sorap- 
ing  by  fig.  285.  In  each  figure,  the  tool  is  supposed  to  act  upon  a 
cylindrical  piece  of  work  in  a  turning  lathe.  The  arrow  in  each 
figure  represents  the  direction  of  motion  of  the  work  relatively  to 
the  tool.  The  plane  of  each  figure  is  parallel  to  tho  direction  of 
the  cutting  motion,  and  perpendicular  to  the  face  of  the  work. 
The  ]K>int  A  is  the  trace  of  the  cutting  edge  of  tho  tooL  FAB 
is  a  normal  to  the  face  of  the  work,  and  is  also  the  trace  of  a  plune 
normal  to  the  direction  of  the  cutting  motion.  A  C  is  the  trace  of 
a  plane  tangent  to  the  face  of  the  work.  Had  the  prooeas  repre- 
sented been  planing  instead  of  turning,  A  C  ^ronkL  have  beoi  the 
tiaoe  of  the  &ce  of  the  work  itselfl  A  D  i»  the  trace  of  the 
Jao&piane  or  froni^lana  of  the  cutting  edg&  The  angle  A  C  D 
is  called  by  E^bbage  the  angleqfrMff. 
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A.  £  is  the  trace  of  the  upper  plane  of  the  cutting  odgo :  so  called 
bcoAuse  of  its  position  iu  the  process  of  turning,  wheu  the  plane 


I 


TZ\ 


A  C  is  reitieal,  and  the  tool  rats  npwards.     In  other  i_ 
tions,  snob  aa  planing  and  Hlgtting,  tb«  plane  A  £  may  be  tiuned 


forwards  or  dovnwudi;  thcfactbeinj;;  tliat  ULew};cuftU>>9 
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real  front  plane  as  regards  the  catting  motion ;  bat  the  custom  is 
to  call  it  the  upper  plane. 

D  A  E  is  the  angle  of  the  tool,  or  cuUing  angle.  In  paring  tools 
the  cutting  angle  is  aJways  acute,  as  in  fig.  284 ;  having  values 
depending  on  the  nature  of  the  material  to  be  cut,  of  which  ex- 
amples wUl  be  given  farther  on.  In  scraping  tools,  the  cutting 
angle  may  be  acute,  rights  or  obtuse;  in  fig.  285,  it  is  nearly  a 
ri^t  angle. 

The  angle  C  A  E,  made  by  the  upper  plane  A  E  wiUi  the  tansent 
plane  A  C,  may,  for  the  sake  of  convenience,  be  called  the  uxniing 
angle;  so  that  the  toorking  angle  is  equal  to  the  sum  of  the  cutting 
angle  and  the  angle  of  relief;  or  in  symbols,  CAE  =  DAE  + 
CAD.» 

It  is  upon  the  working  angle  that  the  distinction  between 
properly  shaped  paring  and  scraping  toob  depends.  That  distinc- 
tion may  be  stated  as  follows: — Every  paring  tool  has  an  acute 
working  angle;  every  right  or  obtuse  toorking  angle  makee  a  scraping 
tool. 

An  acute  working  angle,  if  it  is  too  great  to  suit  the  material  on 
which  it  acts,  may  give  a  scraping  instead  of  a  paring  tooL 

As  regards  the  effect  of  the  cuUing  angle  upon  t^e  action  of  a 
tool,  it  is  obvious,  that  as  the  working  angle  is  greater  than  the 
-cutting  angle,  an  obtuse  or  even  a  right  cutting  angle  gives  a 
scraping  tool;  and  that  an  acute  cutting  angle  too  may  give  a 
scraping  tool,  if  the  tool  is  held  so  as  to  make  the  working  angle 
right  or  obtuse;  but  that  an  acute  cutting  angle  is  essential  to  a 
paring  tooL 

In  well-made  paring  tools,  the  difference  between  the  working 
angle  and  the  cutting  angle,  or  angle  ofrditf,  O  A  D,  is  not  made 
greater  than  experience  has  proved  to  be  necessary  in  order  to 
prevent  excessive  friction  between  the  face-plane  of  the  tool  and 
the  fJEtce  of  the  work;  that  is,  about  3^  Any  increase  of  that 
angle  is  to  be  avoided ;  because  it  tends  to  make  the  tool  dig  into 
the  work,  and  to  produce  '^  chattering;*'  and  because,  by  diminish- 
ing  the  cutting  angle,  it  weakens  the  tooL 

The  position  of  the  shaft  of  the  tool  as  held  by  the  tool-holder 
should  in  all  cases  be  such  that  the  back  and  forward  motion  of 
adjustment  of  the  cutting  edge.  A,  by  which  the  depth  of  the  ciit 
is  regulated,  shall  take  place  exactly  in  the  plane  FAB,  perpendi- 
cular to  the  face  of  the  work ;  that  is  to  say,  in  the  case  of  :i 
turning  lathe,  in  a  plane  traversing  the  axis  of  rotation. 

The  tools  shown  in  the  figures  have  the  front  ends  of  their  diafU 
bent,  hooked,  or  cranked,  as  it  is  termed,  in  such  a  manner  as  to 

*  Mr.  Babhage  calls  E  A  F  the  angle  (^escape;  so  that  the  anrieef  «to«ie 
'  toe  complement  of  the  working  angle.  In  caipenteis'  haiid«plHMi^  iM 
oridng  angle  is  caUed^Si^  pttc^ 
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ensure  that  the  cutting  edge.  A,  sb&ll  itot  b«  in  advance  of&it  axil 
of  the  atraighl  pari  of  the  ahaji  of  Uus  Uwl.  The  object  of  this 
nrrangemcDt  in,  that  any  deflectlou  wkicb  the  tool-shafl  ma; 
undergo  through  excessive  rCBistauce  to  the  cut,  may  tend  to 
move  the  cutting  edge,  A,  away  from  the  work,  and  not  to  loake  it 
dig  into  it 

In  tools  for  rough  work,  and  having  very  stiff  shafts  the  cranked 
shape  is  u  □  necessary ;  and  then  the  upper  aide  of  the  ahafl  is  in 
the  plane  B  A  F ;  the  proper  position  of  the  upper  pbine  of  the 
cutting  edge  being  given  by  means  of  a  hollow  orJiuU  in  the  upper 
sidn  of  the  tool. 

Fig.  28G  represents  a  paring  tool  designed  on  the  same  principles 
with  that  shown  in  fig.  2^4,  but  with  two  cutting  edges,  and 
a  three- sidcil  pyramidal 
poiut  The  upper  part  of 
the  figure,  marked  with 
capital  letters,  is  an  eleva- 
tion ;  the  lower  part,  mark- 
ed with  italic  letters,  is  a 
plan,  or  horizontal  pro- 
jection ;  and  corresponding 
letters  mark  corres)iond- 
ing  points.  The  cutting 
edges  in  the  plan  are 
marked  a  bandae;  abed 
and  a  c  /  d  are  the  pro- 
jections of  the  two  face- 
jilanea;  ad  ia  the  projec- 
tion of  the  /rout  edge; 
and  ah  g  h  c  that  of  the 
u]ij>er  plane.  In  the  ele- 
vation are  shown  one  of  the 
cutting  edges,  A  E;  one 
of  the  face-planes,  A  BED; 
and  the  front  edge,  A  D. 
Sometimes  the  front  edge 
is  rounded,  blether  with 
the  angles  cab  and/(/  e;  thus  connecting  the  two  straight  catting 
edges  by  means  of  a  short  curved  cutting  edse.  Sometimes  the 
whole  cutting  edge  is  a  curve ;  and  then,  instead  of  two  face-planes, 
tUera  is  a  cylindrical  front  surface. 

The  relations  amongst  the  angles  made  by  the  planes  and  edsea 
of  such  a  tool  as  that  shown  in  tig.  28U  may  be  determined  either 
liy  spherical  trigonometry,  or  by  the  rules  in  deacriptive  geometry 
given  in  this  book,  Articles  24  to  30,  iMgcs  9  to  12.  They  are 
treated  of  also  in  an  efisay  by  Mr.  Willis,  already  mentioned  as 


I 
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liftvhig  been  published  in  the  appendix  to  the  seecmd  Yolnme  of 
fioltzapffel  On  Mechanical  ManipulaHon, 

A  tool  with  one  onrved  or  two  straight  catting  edges  may  be 
used  to  cut  a  groove,  or  to  pare  a  layer  by  socceasive  shavings  off 
4he  sarfiBK^e  of  a  piece  of  work.  In  the  latter  caae  the  shaft  oif  the 
tool  is  to  be  so  formed  and  held,  that  one  of  the  straight  catting 
edges  (for  example,  a  6),  or  one  side  of  the  carved  edge,  teaches  tiie 
j^eaed  faux  of  the  work,  and  the  other  (for  example,  a  e)  cats  into 
the  side  of  the  anpared  part  of  the  layer  that  is  being  removed; 
and  according  as  the  tool  is  shaped  and  placed  so  as  to  lie  to  the 
right  or  to  the  left  of  the  anpared  part  of  the  layer,  it  is  called  a 
rtgh^nde  or  a  left-aide  tool.  Thus,  in  a  right-side  tool,  a  h  touches 
the  pared  feice;  a  c,  the  side  of  the  anpared  layer;  and  in  a  left- 
side tool,  ac  touches  the  pared  face,  and  ah  the  side  of  the 
anpared  layer.  A  tool  with  one  catting  edge  which  is  parallel  to  the 
fiEu;e  of  the  work,  as  in  %.  284,  or  a  tool  with  two  cutting  edges,  as 
in  fig.  286,  making  equal  angles  with  the  &ce,  is  called  aface-tooL 
Fig.  287  shows  how  the  principle  of  having  a  small  angle  of  relief, 

with  a  sufficiently  acute  cutting 
angle,  is  applied  to  drills  or 
boring  hits.  The  figure  shows 
a  front  view,  letter^  A,  B,  C, 
&C. ;  an  edge  view,  lettered 
A',  B',  C,  &c,;  and  an  end 
view,  lettered  in  italics.  A  A 
is  the  axis  of  rotation ;  B  C, 
B  C,  the  cutting  edges ;  and 
the  requisite  acuteness  is  given 
to  the  cutting  angle  (marked 
D'  C  K  in  the  edge  view)  by 
means  of  a  JltUe  or  carved 
hoUow  parallel  to  each  of  the 
cutting  edgea 

481.  'OMiiiis  Jkm^fim  •TTMb. 

— The  best  cutting  angles  for 
paring  tools  suited  to  difierent 
materials  have  been  ascertain- 
ed by  practical  experience. 
The  following  are  the  principal 
%•  287.  results  :— 

Matkbiais.  C«ttii«  A]«^m. 

y^ood, from  »o'to  45* 

/m?°  *^^  ^^^^' ^^  ^""^  70^ 

(The  smaller  angles  for  thefiofler  kinds; 

the  greater  for  the  harder.) 

Brass  and  Brouie, So^'cndupwank 
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In  tlie  case  of  Bcraping  tools,  the  sixe  of  the  cutting  angle  ia  k 
question  mainly  of  convenience  and  strength;  for  the  saiao  tool 
whicli  in  a  pnriiig  tool,  wben  the  working  angle  is  onlj  a  littlti 
gruHt«r  than  the  cutting  angle,  becoincti  a  scraping  tool  when  the 
working  angle  is  sufGoleutly  increawd. 

It  may  be  conaidored,  howevei',  that  in  order  to  give  aafBcient 
stri;ugtli  to  the  tool,  the  leaH  cutting  angle  for  a  acmping  tool 
should  not  be  less  than  the  cutting  angle  of  a  paring  tool  milted 
to  the  Eume  material. 

The  uuttiug  angle  of  soniuog  tods  for  iron  muges  from  Cft" 
Ui  nearly  Vi.y ;  the  former  value  being  met  with  iu  triao^lar 
Rcnipers  for  finishing  plane  surfaces;  the  latter,  iu  octagonal  ^roa«A«> 
for  enlarging  and  correcting  conical  holes. 

4)^2.  Hpcr4  ar  chkibb  t*«Ib. — The  speed  of  the  cutting  iiiutioa 
of  tools  ia  limited  by  the  heat  produced  by  their  action:  it  mnst 
not  ht:  so  great  as  to  cause  that  heat  to  alfect  the  temper  of  the 
stfleL  IJenco  it  is  less,  the  harder  the  material  of  the  work.  The 
following  are  examples. 

8pe«d  at  CdttlnK  isouaa 

UiniUL.  Fhi  |Hir  Uibuu. 

White  Cast  Iron, nbout                     5 

Bt«el,  and  Gray  Cast  Iron, from    10  to      30 

■Wrought  Iron, from    ijto      aj 

BraHs  and  Bronze,  from    40  to    100 

Wood , from  300  to  3000 

Higher  speeds  may  be  used  for  planing,  and  for  ordiuary  turn- 
ing, where  the  t/iol  and  the  cut  surface  are  freely  exjKiscd  to  the 
air,  than  for  drilliug  and  boring. 

483.  ■«riHBB«  BBd  vrarii  mt  ■>■!«■■  tmU. — The  following  Mti- 
tnato  of  the  resistance  to  the  motion  of  a  tool  paring  iron,  and  of 
the  work  done,  is  based  on  that  given  by  Wetalich : — 

Lot  R  denoto  the  reustancc  to  the  cutting  motion  of  the  tool; 
h  the  breadth,  and  ( the  thickness  of  the  shaviug  which  it  parea  off; 
BO  that  blK  the  sectional  area  of  the  shaving;  then 

P  =  fl>l; (1.) 

in  whichy  is  a  co-efficient  depending  on  the  hardness  and  lougk- 
Dces  of  the  material  The  value  of y' for  iron  is  estimated  by  Weia- 
bach  at  £0,00U  Iba.  on  the  square  inch,  or  3^  kilogrammea  on  the 
square  niiUimfitrt!.  For  atenl,  it  in  probably  from  ence-and-balf  to 
twice  as  great.  Let  /  be  a  given  length  of  shaving;  then  the  woric 
done  iu  paring  that  length  off  ia 

Tl^flhl (i) 
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"weiglit  of  material  pared  off;  and  the  woik  done  in  that  prooesB  it 

f 
evidently  equal  to  tht  work  of  lifting  thai  weighs  to  the  height  -; 

nrhose  value  for  iron  is 

15,000  feet,  or 
4,570  metres. 

The  caufUer-^iciency  of  the  machines  in  which  paring  tools  are 
used  may  be  estimated  at  £rom  1*3  to  1*5;  or  say,  on  an  average, 
1*4;  so  that  the  total  work  of  a  machine  in  paring  away  a  given 
weight  of  iron  may  be  estimated  as  being  equal  to  that  of  iSbiug 
the  same  weight  to  a  height  of 

21,000  feet,  or 
6,400  metres. 

The  work  done  by  cutting  tools  produces  heat,  which,  unless 
abstracted,  tends  to  injure  the  toob  by  raising  their  temperature. 
In  order  to  abstract  the  heat  and  keep  the  temperature  moderate, 
the  point  of  the  tool,  in  cutting  wrought  iron  and  steel,  is  moistened 
with  a  suitable  liquid,  such  as  oil,  or  a  solution  of  carbonate  of  soda 
in  water.  Pure  water  should  not  be  used,  as  it  causes  iron  and 
steel  to  rust.     Cast  iron,  brass,  and  bronze  are  cut  with  dry  tools. 

484.  c«inbinati«iM  vf  Catting  T««b. — The  boring  bit,  already 
mentioned  in  Article  480,  page  566,  is  in  fact  a  combination  of  two 
cutters  or  paring  tools.  A  combination  of  several  paring  tools, 
working  side  by  side,  is  seen  in  the  tool  sometimes  called  a  oomby 
used  in  screw-cutting  lathes,  for  cutting  several  turns  of  the  thread 
at  the  same  time.  Cutters  following  each  other  in  sucoessioD 
occur  in  taps  and  dies,  for  cutting  internal  and  external  screws  by 
Land.  A  circular  cutter,  or  rose-ctiUer,  used  in  shaping  the 
teeth  of  wheels,  is  itself  a  toothed  wheel,  each  of  its  teeth  being  a 
paring  tooL  The  teeth  of  a  saw  form  a  series  of  small  paring  tools 
or  scraping  tools,  according  to  their  working  angles;  and  by  the 
process  of  setting  them — that  is,  bending  them  alternately  to  the 
right  and  left — they  are  made  aitemately  into  left-side  and  right- 
side  tools,  so  as  to  cut  the  two  sides  of  the  saw-kerf. 

485.  motions  of  Rlnclilno-Tools   In   C^enevnL — In  most  examples 

of  machine-tools,  the  relative  motion  of  the  tool  and  the  woik  is 
the  resultant  of  three  component  motions,  usually  at  right  angles 
to  each  other,  or  of  two  out  of  those  three :  the  cutting  motion,  the 
traversing  motion,  or  transverse  feed  motion,  and  the  advancing 
feed  motion;  the  first  two  taking  place  parallel  to  the  £ioe  of  the 
work,  and  the  third  in  a  direction  normal  to  it. 

The  cuUing  motion  is  the  most  rapid  of  the  three,  being  that  by 
which  the  tool  acts  on  the  &ce  of  the  work,  leaving  a  narrow  strip 
or  hand  from  whicha^rtion  of  the  material  has  been  paved  or 
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^ci'spcd  away.  la  many  instances,  the  cutting  motion  is  effected 
by  a.  motion  of  the  work,  the  tool  remaining  fixed,  and  such  in  the 
case  especially  in  turning  and  screw-cutting  lathes,  and  in  almost 
hU  planing  machines.  There  are  other  operations  in  which  tho 
cut  is  mado  by  a  motion  of  tho  tool ;  such  as  drilling,  boring, 
slotting,  and  shaping.  The  speed  of  the  cutting  motion  has  been 
already  mentioned  in  Article  462,  page  567. 

The  IranmerM/sed  motion  takea  p&ce  pamllel  to  the  face  of  the 
work,  and  at  right  anglm  to  the  cutting  motion:  it  is  that  motion 
by  which  the  tool  is  made  to  shift  ita  poailion  relatively  to  the 
work,  so  as  to  make  a  scries  of  parallel  cuts  side  by  side,  leaving  a 
series  of  Btri[>s  or  bauds  which  compose  a  surface  of  any  requirod 
ext^^nt.  It  is  sometimes  continuous,  and  sometiiai«  intemutt^ut. 
The  general  nature  of  transverse  feed  motions  has  already  lx«u 
Opscribed  in  Article  258,  page  293, 

The  raU  at  which  tho  traversing  motion  bikes  place  in  paring  ft 
continuous  surface  depends  on  the  breadth  of  the  cut;  which,  in 
iron,  ranges  from  OOl  to  0-05  inch  (  ~  from  025  to  1  -25  millimStr*). 
In  screw-cutting,  tho  traverse  at  each  revolution  ia  equal  to  the 
pitch  of  the  screw. 

The  advancing  Jeed-motUm  is  that  by  which,  after  a  certAin  depth 
of  material  has  been  cut  away  from  tho  face  of  the  work,  the  tool  is 
advanced  so  as  to  cut  away  an  additional  depth.  This  is  very 
often  an  intermittent  motion;  and  in  turning  and  planing  ma- 
chines  it  is  usually  an  adjustment,  made  from  time  to  time  by 
hand.  Its  extent,  at  each  adjustment,  is  eqnal  to  the  depth  of  the 
cnt;  which,  in  iron,  ranges  from  the  smallest  appreciable  quantity 
up  tn  075  inch  ( =  19  raillimttres)  in  ordioaiy  case*. 

486.   naklaa    BBled    ■«*(«■— PlKali»l  —  WMllB|—Hh>plB» — A 

ruled  anrface  is  one  in  which  every  point  is  traversed  l>y  a  straight 
line  lying  wholly  in  the  surfiuic.  Such  a  straight  line  is  called  a 
generating  line  of  the  surface ;  and  the  surfsce  may  be  regarded  a» 
generated  by  the  motion  of  the  straight  lin&  A  ruled  sarf^Me  naif 
be  cut  to  any  required  degree  of  predaioo,  by  the  ntoceanve  itioltw 
of  ft  tool,  each  stroke  being  made  along  a  straight  genentiag  lins 
of  the  nir&ce: 

The  clasa  of  ruled  surfaces  comprehends  the  following  different 
kiada,  amongst  othera : — 

I.  All  straight  »»ir/aeei:  that  is,  snrfaces  in  which  the  straight 
sencntiDg  linei  are  all  parallel  to  each  other.  Such  surfaoea  may 
be  cither  plane  or  (^Undrical;  the  term  cyliadrieal  •orfiues  en- 
Ixadng  not  only  those  irboae  transrene  sections  are  circular,  bat 
tbuae  wboae  traarrene  aections  are  curves  of  any  figinv,  sudi  a* 
tl)«  acting  soi&oM  of  the  teeth  of  qrat^wheels  (Article  130,  [wd 
laJ).  It  has  alfeady  been  stftted,  in  Article  38,  page  17,  that  Iha 
besmog  maUsM  of  diding  puuuy  pieeM  must  all  U  stnighL 
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II.  All  conical  aw/aces:  that  is,  Biirfuces  Id  wiiidi  tlte 
generating   Unes  ail  pass  tlumigh  one   poiat      The 
Beotions  of  such  a  surface  may  be  circnlflr,  as  in 
circular  bevel  wheel  (Article  105,  |iage  86) ;  or  they  may  be  i 
circular  curves,  as  in  the  acting  sui-lkceB  of  the  teelli  of  am 
-wheel  (Article  144,  page  143). 

III.  Hijperholoidal  or  skao-itvet  sutfaeea:  in  which  the  stn 
generating  lines,  not  intersecting  in  one  )Mnnt,  traverae  r  seii 
similar  transverse  Bectiuns  of  the  snrluce.  Such  tnttisreTae  led 
may  be  drciilar,  as  in  the  pitch-eurfiice  of  a  circalar  Bke*>l 
wheel  (Article  106,  page  87);  or  non-circnlar,  as  in  tha  al 
surfaces  of  skew-bevel  teeth  (Article  145,  page  144!). 

The  FLABiNa  Machine  outs  sttsight  sur&oes  of  all  kjwk; 
is  nsed  especially  for  the  cutting  ef  plane  sur&oes  lo  «  «h 
degree  of  approximation ;  that  is  to  say,  the  Umgihtdiitai  aim 
neaa  of  the  surfttce  is  perfect;  bnt  the  tntnsveise  straig^taa 
approximate.  In  a  planing  machine  of  ordinary  cooaHMa 
there  is  a  fixed  homonljil  bed,  verj  strongly  asd  stiflfy  ""FP" 
its  essential  paiirS  being  a  pair  of  most  accurately  nude  atiq 
parallel,  horizontal  guides,  of  a  V-shape  in  cros^i-aeetioo.  la  ti 
guides  there  slides  a  pair  of  straight,  paiallel,  horiiontal,  triaifi 
bai^,  forming  the  supports  of  a  stifi'  and  strong  horizoatal  U 
having  in  it  several  slots  or  oblong  openings,  for  the  pnfm 
enabling  the  teork  to  be  secured  to  iL  From  the  two  ndeaitf 
bed  rise  a  pair  of  standards,  carrying  a  stra^ht  horizontal 
that  bridges  across  the  table.  The  saddle,  by  means  t  ~ 
horizontal  guides,  supports  the  tool-liulder,  which  has  a 
traversing  motion.  The  sliding  surfaces  of  tlie  saddle 
holder  are  usually  of  a  dove-tail  shape  in  croas-aectton. 

The  cutting  action  is  effected  by  a  longitudinal 
table  carrj'ing  the  work :  the  gearing  which  communical 
notion  ought  to  be  extremely  smooth  and  accurate  in  i» 
such  as  the  tact  and  helical  pinion  described  at  page  383;  i 
pitch-point  of  the  rack  and  pinion  ought  to  be  as  dit^ectlyaai 
below  the  cutting  tool.    Aa  to  the  speed,  see  Article  482, 

During  the  return  stroke,  the  tool  is  lifted  clear  of  ' 
and  the  motion  of  the  t«ak  and  pinion  is  reversed  by 
acting  reversing  gear;  such,  for  example,  as  that  i 
Article  264,  page  2911 ;  and  the  train  of  wheelwork  wfaidi 
the  return  stroke  is  so  proportioned  as  to  give  hd  iiii»j«— 
of  motion  to  the  table,  usually  about  double  that  of  Urn 
Rtroke. 

The   transverse  traversing  motion  of  the  tooI-hoIdcr  '» 
mittent,  being  made  dnring  the  return  stroke  of  t^he  ( 
eombinatioo  which    directly  produces  it  is   nanally   a 
hoiizo&tBi  screw  driving  a  nut  that  is  fixed  to   Uu 
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The  ECivw  is  driven  hy  a.  mitable  traiu  of  wlieelwork,  the  6nt  wlieel 
of  which  is  driven  by  a  click,  nsualJy  of  the  reversible  kind 
(Article  194,  page  207).  The  extent  of  travpree  after  each  cutting 
stroke  can  be  r^ulated  by  the  help  of  adjnstnicnts  of  length  of 
stroke  (Article  273,  page  313),  or  of  change- whetls  (Article  271, 
page  311). 

In  eome  large  planing  tuachinee  for  vury  heavy  work,  the 
(Tutting  stroke  is  effected  by  a  longitndinal  motion  of  a  strong 
frame  caiTytng  the  saddle  and  the  tool-holder;  the  tuble  with  the 
work  Iwtng  at  roat. 

For  cutting  straight  surfaces  of  moro  or  b'ss  complex  ci-oss-Bection, 
find  eB|>ecii>lly  for  cutting  itrnight  grooveu  Rnd  straight  rectAugiilar 
holex,  mich  as  key-ways  and  slots,  the  slottiwo- machine  is  used. 
In  this  machine  the  tool-holder  or  cutter-bar  usually  elidns  verti- 
cally in  a  guiding  groove  in  tlie  ttuie-lietul.  which  is  carried  1^  a 
strung  overhanging  frame.  Below  the  slide-head  ia  a  table  to 
which  the  work  is  secured,  capable  of  being  turned  about  a  vertjcal 
axio,  Biid  traversed  horieontaUy  in  two  rectangular  directions,  lo 
as  to  bring  the  work  into  any  required  position  relatively  to  the 
cutting-tool, 

A  sBATixa  iiAoiinCE  difTers  from  a  slotting  machine  ronioly  in 
having  a  FJide-licad  that  is  capable  of  being  tnnied  into  difletent 
posilJODS,  so  as  to  cunse  the  tool  to  make  strokes  in  diflerent  direc- 
tiooK  when  rpqnii-cil.  It  is  used  for  cutting  nded  suriaces  of 
varionH  kinds.  Circular  cutters  (p^e  5G8),  driven  by  suitable 
shifting  tininti  (Article  228,  page  33S),  are  sometimes  used  in 
aha  ping  mn  chines. 

487.  tunpiDB  Ptam  ItarfiMH. — When  the  highest  ]iraoticable 
de;;rco  of  accor-.icy  id  required  in  a  plane  atirfnco,  its  form  may 
in  the  £nt  place  bo  given  approximately  by  the  planing  machine, 
but  it  must  be  finished  by  the  hand-semper.  Scrapers  for  iron  are 
usually  made  of  very  ban]  atee),  with  edges  of  6(1''. 

When  an  existing  standard  plane  surface  (or  planoiiteCm;  as  it 
is  Bometimes  called)  is  avulahle,  it  is  smeared  with  n  very  thia 
coatJDg  of  a  mixture  of  red  chalk  and  oil  The  new  jilnne,  in  ita 
approximate  condition,  is  laid  face  to  &ce  on  the  standard  plan^ 
an<l  gently  rubbed  on  it.  The  prominent  places  an  the  new  plane 
pick  np  the  colouring  matter,  and  are  marked  by  it;  and  tbu*  the 
workman  in  guided  t<i  the  [jarts  that  require  scraping  down.  The 
process  is  repeated  again  and  again  uutil  the  new  plane  fits  the 
ntiindard  p':inc  with  tlie  required  degree  of  precision. 

In  the  absence  of  a  utandurd  jilane,  three  approiiiniately  jilaue  cast- 
ii'vm  pltiteK  nrc  made,  stiffened,  at  the  back  by  ribs.  Une  pair  e( 
tlioKu  nri'  tiilcen  in  the  first  place;  and  one  of  them  being simoad 
-.'.  ilh  a  miituble  mixture,  they  are  repeatedly  rubbed  togeUMTt  lo 
un  to  mark   the  promineot  places,  and  both  ore  tsmpad,  mttl 
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they  fit  each  other  with  a  oertida  degree  of  accuracy.  At  this 
stage  of  the  process,  they  may  be  both  ^ane;  or  both  spherical,  and 
of  Qxe  same  radius,  one  being  convex  and  the  other  concaveu  Then 
the  two  plates  first  taken  are  compared  in  succession  with  the  third 
plate,  and  the  operations  of  rubbing  and  scraping  repeated,  with 
the  plates  combined  by  pairs  in  every  possible  way,  until  all  three 
plates  accurately  fit  each  other  in  every  combination  and  position; 
when  they  must  necessarily  be  truly  plane.  This  is  the  process  by 
which  standard  planes  are  made;  and  when  a  set  of  three  have  been 
made,  it  is  usual  to  reserve  one  of  them  very  carefully  for  testii^ 
from  time  to  time  the  accuracy  of  the  other  two,  which  are  em- 
ployed as  standards  of  planeness  and  straightness  for  ordinary  use. 

488.   niaklMg    Sarfkces    mt  BerolatlMi  —  Tandac*    "M^rUUm^   aai 

Bering. — A  turning-lathe  usually  contains  the  following  principsl 
parts.  The  bed,  truly  plane  and  horizontal.  The  head-stockt,  cit 
supports  for  the  axis  of  rotation  of  the  work;  one  fixed,  and 
the  other  capable  of  being  shifted  longitudinally  on  the  bed 
to  a  greater  or  less  distance  from  the  fixed  headstock,  so  as  to 
suit  the  size  of  the  work.  The  saddle,  which  slides  longitudinallj 
on  the  bed,  carrying  the  rest,  which  carries  the  tool-holder.  The 
rest  has  longitudinal  and  transverse  traversing  motions,  usually 
produced  by  means  of  screws  and  nuts,  acting  on  slides  with  dove- 
tail-shaped straight  bearing  surfaces;  the  position  of  the  tool-holder 
is  adjustable  vertically  and  horizontally. 

The  longitudinal  traversing  motion  of  the  saddle  is  sometimes 
produced  by  a  pinion  driving  a  rack,  like  the  motion  of  the  table 
in  a  planing  machine,  and  sometimes  by  a  strong  and  verr 
accurately  made  screw,  extending  the  whole  length  of  the  bed;  tl^ 
latter  method  is  used  in  screw-cutting  lathes.  Many  lathes  are 
provided  both  with  a  guide-screw  and  with  a  rack-and-pinion 
motion  for  traversing,  either  of  which  can  be  used  at  pleasure 
The  guide-screw  is  commonly  reserved  for  screw-cutting,  and  the 
i*ack  and  pinion  used  for  ordinary  purposes. 

The  moveable  headstock  carries  the  screw-spindie,  which  does 
not  rotate,  but  can  be  slid  back  and  forward  by  means  of  a  screw, 
in  order  to  adjust  the  position  of  its  point,  which  forms  one  of  the 
supports  of  the  work.  The  fixed  or  fast  headstock  carries  the 
lathe^pindle,  which  is  a  rotating  horizontal  shafl^  driven  at  s 
proper  speed  by  means  of  a  suitable  belt  and  pulleys;  the  speed  is 
capable  of  adjustment  by  means  of  speed-cones,  usually  of  the 
stepped  kind  described  in  Article  171,  ])age  185. 

The  journals  of  the  lathe-spindle  are  in  most  cases  made  alightlr 
conical,  and  are  tightened  in  their  bearings,  when  required^  bf 
means  of  screws  acting  endwise. 

The  ends  of  both  spindles  project  inwards  from  the  headstocki: 
tbey  are  capable  cC  boing;  fitted  with  various  contrivances  lor 
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snpportiDg  and  holding  the  work.  The  acrcw-apindle  uauaUy,  and 
the  hithc-spindle  Gometimes,  is  fitted  with  a  conical  point  of  gteel 
called  A  centre,  the  angle  at  the  point  ranging  from  60°  for  wood, 
to  80°  or  90°  for  metal  ^  Buch  points  support  the  work  and  keep  it 
trnlj  centred  on  the  axis  of  rotation.  The  lathe-spindle  can  also 
be  fitt«d  with  chvcka  of  different  sorts ;  being  discs  provided  with 
holes,  pint),  and  other  means  of  holding  the  work,  and  causing 
it  to  rotate  along  with  the  lathc-.spindte ;  or  with  a  mandril  or 
cylindrical  continuation  of  the  spindle,  on  which  wheels  and 
pulleys,  and  other  pieces  of  work  having  eyea  in  their  centres,  can 
be  keyed  for  the  purpose  of  being  turned. 

A  chuck  in  the  form  of  a  large  circular  disc  is  called  a/ace-plale. 
Some  lathes  have  face-pktes  on  both  spindles ;  and  then  the  twn 
Bpisdlea  are  driven  at  the  same  speed,  by  means  of  two  pinions  on 
one  shaft,  gearing  with  t«elh  on  the  rims  of  the  face-ptat«s. 

The  greatest  raditis  of  the  work  which  can  be  turned  in  a  given 
lathe  is  limited  by  the  height  of  the  axis  of  rotation  above  the  bed; 
and  the  lathe  is  described  as  a  "  twelve-inch  lathe,"  a  "  twenty-four- 
incb  lathe,"  &c-,  according  to  that  height. 

The  tool-holder  is  adjusted  so  that  the  point  or  cutting  part  of 
the  tool  is  exactly  in  a  horizontal  plane  traversing  the  axis  of  rotation. 
The  direction  of  rotation  is  such  that  the  surface  of  the  work  moves 
downieartli  it  the  point  of  the  tool,  which  accordingly  cuts  upwards. 

The  screws  and  nuts,  or  the  pinions  and  racks,  by  which  the 
tmveraing  motions  of  the  tool-holder  are  produced,  are  driven 
from  the  lathe-spindle  through  trains  containing  ehatig«-KheeU 
(Article  271,  page  311);  and  by  mcAns  of  these  the  veloctty-mtio 
and  directional-relation  of  the  cutting  motion  and  of  the  traversing 
motion  can  be  adjusted  so  as  to  produce  the  required  resultant  or 
aggregate  relative  motion.  As  to  the  rate  of  traverse  per  revolu- 
tion, see  Article  48J,  page  569. 

When  the  word  iraverwing  b  used  without  qualiGoation,  it  gener- 
ally means  that  the  tool  traverses  in  a  direction  jiarallel  to  the  axta 
of  the  lathe,  so  as  to  turn  a  cylindrical  surface.  When  the  tool  is 
made  to  move  in  the  direction  of  a  radius  perpendicular  to  tho 
axis,  it  turns  a  plane  surface;  and  the  process  is  called  rur/acing. 
This  is  very  often  the  moans  used  of  making  a  piano  approximately, 
previous  to  correcting  it  by  scraping.  By  combining  those  two 
motions,  so  as  to  miike  the  tool  traverse  ia  a  stmight  line  cutting 
the  axis  obliquely,  a  conical  surface  is  turned.  When  the  |)oint  of 
the  tool  is  made  to  traverse  in  a  circle,  one  diameter  of  which 
coincides  with  the  axis,  a  spherical  surfoce  is  turned.  A  hyper- 
l>oloidal  surface  might  be  turned  by  making  the  point  of  the  tool 
tmverse  along  one  of  its  straight  geuetatiiig  lines  {see  Article  84, 
p,ige  70;  Article  106,  page  8T). 

All  the  preceding  openttona  are  examples  of  eiraUar  (unwHf, 


I 
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in  which  the  point  of  the  tool  describes,  rel&tiv«l]r  to  Uta  « 
circle  about  the  ana,  if  the  travetrang  motion  be  atf ' 
helix  or  spiiiii  of  a  pitch  equal  to  t£e  tTa.viene  par  e 
this  component  of  the  motion  be  tbken  into  aecoant  in  miiMfcx 
turning,  the  point  is  made  to  describe,  relatively  to  tlw  vorii; 
paths  of  various  other  kinds,  such  a£  ecoviitric  oircLM,  dlipae^  tf^ 
cycloids,  and  arbitrary  curves  of  various  eortB.  Soch  mn|Mt 
pai/u  ore  produced,  sometimea  by  epicjclic  tnuns  canied  bjr  tk« 
chuck  which  holds  the  work,  as  in  the  eccentrvi eAttak,  irffij<iiiiJMi. 
and  geometric  chtiek;  sometimea  by  the  action  of  cnaaoeAaf^ 
plates  on  the  tool-holder.  The  actions  of  such  combimtiMM  im 
beeu  treated  of  in  Fart  I.,  Chapter  V.,  Section  IV.,  pMcaJBlB 
367;  and  in  the  Addanda,  pages  290,  2'Jl. 

Drilling  and  Boring  may  be  looked  upon  as  nuxfificatiflM  of 
turning,  applied  to  the  making  of  concave  surfiices  of  twoIb^ 
and  especially  of  hollow  cylindera.  The  word  boring  is  aba 
applied  to  both  processes;  but  when  drilling  and  boring  an  £» 
tinguisfaed  from  each  other,  drilling  means  tlie  iMfcing  of  a 
cylindrical  hole  by  a  tool  which  advances  endways,  coSOBf 
shavings  from  the  flat  or  conical  bottom  of  the  bole  (see  fig.  S^i . 
and  boring,  the  enlai^ng  and  correlating  of  a  hollow  cylindnai  s^i 
face  already  made;  Buchas  that  of  acnat^ironateam-eDgine  CTto"- 
In  driUing,  the  tool  or  drill  usually  rotates  about  a  wt.-- 
axis;  and  it  is  very  often  driven  by  a  shifling  train,  caiml  n. 
jib  or  train-arm.  {As  to  shifting  trains,  see  Article  223,  [agsISi 
to  338.}  This  is  in  order  that  the  position  of  tlie  drill  mw  b 
shifWl  to  various  parts  of  the  work.  The  train-arm  or  jib  p 
horizontally  from  a  strong  hollow  standard,  oontoining  tin  vi 
shaft  that  drives  the  shifting  train.  The  wor^  is  wimmitidliyt 
table,  which  is  on«n  made  so  as  to  be  capable  of  bconv  tanil  I 
about  a.  vertical  axis,  and  shifted  horizontnlly  on  diiles  m  tM 
i-ectongular  directions,  in  order  to  bring  di^rent  | 
woi'k  below  the  drill. 

The  feed-motion  'w,  given  sometimes  by  eraduallj  low 
drill,  sometimes  by  gradually  raising  the  table. 

In  a  VMtltiple  drilling  mach\n»  (need  for  making  r 
iron  plates)  a  set  of  drilla  are  driven  from  one  uhaffc  | 
ekew-lievel  pinions  or  other  suitable  mechanism.     The  fi 
given  by  raising  the  table.   The  forms  of  drillingtoola  aiw 

In  a  boring  machine,  the  inner  anr&oe  of  a  boUoir  i 
pared  by  means  of  one  or  more  tools  carried  by  a  < 
culier-Itead;    being  a  cylinder  a  little  sraHllar    than    tlw  I 
cylinder  to  be  bored.     When  the  work  ia  a  veiy  lai^a  < 
13  usually  fixed ;  and  the  rotation  and  traversing  mo^oc 
to  the  cutter  head. 
8cm*k«Buins.^ — The  operation  of  catting  aciw-  ii  ■ 


SCRCW-CUTTDiG WHKEL-CCTTIMa.  575 

forniej  in  a  lathe;  the  work  rotates,  and  the  tool-holder  is  made 
to  tnivorsi'  toDgjtadinaUf  by  means  of  thg  ffuide-tcrew,  already 
mentioned  at  [lage  572.  The  nut  by  meana  of  which  the  guida- 
aorcw  drives  the  atddle  is  a  claap-nut  (aee  Addendit,  page  576): 
which  can  be  tbrowo  into  or  out  of  gear  with  the  guide-screw 
when  required.  The  guide-screw  is  made  with  great  care  and 
lireoiiiion.  An  ordinar;  value  of  ittt  pitch  ie  half  an  iuch.  Tb» 
velocity-ratio  aad  directioQal-rclatiou  of  the  motions  of  the  guide- 
HCrow  and  of  the  lathe-spindle  are  adjusted  by  means  of  change- 
wheels  to  the  pitch  and  direction  of  the  screw  to  be  cut,  according 
to  the  following  principles. 

.     Speed  of  Rotation  of  Guide-Screw    _    Fitch  of  New  Screw 
Speed  of  Rotation  of  Lath c-Sjiin die  ~  Pitch  of  Guide-Screw 

II.  The  direction,  right  or  left-handed,  of  the  new  sorew,  is 
umilar  or  contrary  to  that  of  the  gnide-screw,  according  as  the 
directions  of  rotation  of  the  guide-screw  and  of  the  latbo-spindle 
are  !>imilaT  or  contmry. 

'lUO.  WkcckCaniMs. — A  vheel-cutting  machine,  for  sliaping  the 
teeth  of  wheels,  may  be  rt^rded  as  a  special  form  of  the  shaping 
machine,  in  some  cases  combined  with  the  turning  lathe.  The 
wheel  to  be  cut  is  fixed  on  mandrils  carried  at  the  end  of  a  rotating 
spindle,  mounted  on  u  hetid-ittock.  Sometimes  that  apindle  acta 
OS  a  Uthe-spiudle,  while  tfaa  wheel  is  being  turned.  When  th» 
pitching  and  tooth-cutting  are  to  be  begun,  a  large  worm-wheel, 
in-Tinauently  fixed  on  the  spindle,  is  made  to  genr  with  a  tangeub 
Ncrew,  by  moans  of  which  it  is  siicccMivoly  turned  through  &  aeries 
of  angles,  each  equal  to  the  pitch-angle;  first,  for  the  purposo  of 
pitching  the  wheel,  or  marking  the  pitoh-pointa  of  the  teeth  on  Iho 
pitch-circle,  and.  then  for  tho  purpoije  of  changing  the  position  of 
the  wheel  after  each  tooth  has  been  cut,  preparatory  to  cutting  the 
next  tooth.  The  figures  of  the  teeth  are  given  approximatoly  by 
casting,  and  finiabed  by  cutting 

Each  stroke  of  the  cutter  is  guided  so  as  to  take  place  along  a 
straight  line.  In  spnr-wheels  tmb  stnught  line  is  parallel  to  tho 
axis;  in  bevel  wheels,  it  travcrsee  the  apex  of  the  pitoh-cone;  in 
skew-bevel  wheels,  it  ia  a  generating  line  of  the  hypcrboloidul 
suriaccs  of  the  t«eth.  When  a  single  cutter  is  used,  the  alide  in 
wbioh  it  wodLs  a  gmded  into  the  proper  [toailions  for  the  auo- 
couive  strokea  by  a  templet  shaped  like  a  tooth  or  liko  the  space 
between  two  teetL  In  cutting  the  teeth  of  spur-wheel^  a  rotating 
circular  cutt«r  is  used;  a.ad  the  form  of  tho  cutting  edges  of  its 
teeth  is  the  counterinrt  of  that  of  the  spaoe  between  two  teeth. 

The  cutting  of  worm-  wheels  by  meaaa  of  a  rotating  cutter  which 
is  a  copy  of  the  screw  that  is  to  gear  with  the  wheal,  Iih  alraady 
been  mentioned  in  Article  157,  page  1G6. 
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576  ADDENDA. 

Addendum  to  Abticlb  263,  Page  298. 

Claap-Nat. — ^lo  certain  machine-tools,  the  traveninff  motion  of  the  tool- 
holder  is  produced  by  a  screw  whidi  rotatee  abont  a  fixed  axis,  and  driTei 
loDgitadinally  (as  deecribed  in  Article  152,  page  157)  a  nnt  that  fits  it  tndj, 
without  pinching  it.  That  nnt  is  made  m  two  halves,  capable  of  beiiig 
clasped  round  the  screw  or  unclasped,  according  as  the  oomfamation  is  to  be 
thrown  into  or  out  of  gear.  When  the  combination  is  abont  to  be  throwa 
into  gear,  either  the  nut  or  the  screw  must,  if  required,  be  shifted  kx^- 
tudinally,  so  as  to  bring  tiie  threads  of  the  one  opposite  to  the  grooTes  of 
the  other. 

Addendum  to  Table  Y.,  Page  482. 


fltMUglli  umd  BlMllclt7  •fAIlk  mmd  Flu.— 

Smcen         FUxRi 
Tbread.        Tbread.  Yam  in  Gainru. 

Ultimate  tenacity — 

In  lineal  feet  of  material,     120,000     95,000      from  52,000  to  saooo 

In  metres, 36,600      29,000      from  15,900  to  18^000 

Modulus  of  elasticity — 

In  lineal  feet  of  material,  3,000^000 

In  metres, 914,400 

Addendum  to  Article  465,  Page  547;  and  Abticle  466, 

Page  549. 

Braccdl  SliAft. — ^The  description  given  in  Article  459,  page  539,  of  a 
braced  connecting-rod,  applies  also  to  the  general  construction  of  a  braced 
shaft  The  object  of  that  construction  is  to  diminish  the  deflectiaa  and  the 
bending  stress  of  a  shaft  of  long  span,  throujoh  the  support  preai  to  the  duift 
at  the  middle  of  the  span  by  the  bracing.  The  followmg  is  the  easiest  waj 
of  computing  the  dimensions : — The  diimieter  of  the  shaft,  A,  ia  to  be  cakn- 
faited  so  as  to  bear  safely  the  twisting  moment,  combined  with  a  bendxi^ 
moment  due  to  half  the  actual  span.  Let  c  be  that  half-span ;  and  y  the 
*  length  of  one  of  the  arms  of  the  bracing  cross,  which  is  to  be  fixed 


/ 
to  convenience.     Let  —  be  the  safe  woridng  tension  of  the  bracing  rods,  ia 

length  of  themselves  ;  say,  3,000  feet,  or  900  metres.  Let  d  be  the  proper 
diameter  for  a  tension-rod.  Then  the  proper  ratio  for  the  diameter  of  ea^ 
of  the  four  tension-rods  to  the  diameter  of  the  shaft  is  given  by  the  foUowii^ 
formula : — 

The  tension -rods  should  be  tightened  by  means  of  screws  jost  suffidentlj  to 
prevent  any  perceptible  slackness  of  the  rods  which  successively  come  upper 
most  as  the  shaft  rotates. 
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Addenda  to  Sectioit  viil,  Pagk  521. 

The  AerBBBlaisT. — Tbc  ■ppllcition  of  hydmiljc  power  liu  been  mucli 
«xtBidcd  of  late  yeut,  and  apKi^y  with  nference  ta  laicblna  Cooli.  HuhinM  br 
rivttting,  puDchiag.  ■«]  abcaring  iron  pUi»,  an  now  being  narked  by  wUar- 
pRHnn.  Ucsvjr  loadi.  Bucb  u  iniag  liridgn.  cnuto,  hoiibi,  &c.,  ics  abo  readily 
moved  by  hydraallo  tnachiaer}-. 

'Ihe  pnasum  uned  are  very  high,  and,  to  obl^n  these,  reeonree  ii  btd  to  an 
"BCCumulalDr,"  The  uvumulator  u  on  the  principle  of  the  hTdnuUc  preaa,  vii. — 
■  ranTsble  welgblfd  plunger,  raited  by  the  action  ot  force-pumpa.  The  movable 
part  can  be  loaded  nith  what  waiehl*  an  nacCBary,  and  raiaed  by  the  prenora  of 
the  water  forced  Into  the  cylinder  In  nhicb  the  plunsar  woHu:  the  pnuors  of  tbe 
Tatar  will  then  corraipoDd  to  the  load  which  it  aupport*.  lly  maane  of  a  aeparata 
pipe  leading  to  another  plmtger  or  piilon  coruwcted  with,  aay.  the  dis  of  a  riveltlng 
■nadibie,  bydraulk  coDucction  ii  maintained  with  the  cylinder,  and  thai,  whan  the 
atroke  of  the  die  ii  made,  ■  contspoadlng  (all  of  the  w^hled  part  alao  lakea  plaoa, 
whereby  a  euddan  expenditon  of  Ihe  woil  pceviuuly  accamnlated  b  brought  about. 
Varialiuiia  in  preasam  and  lengtht  of  itnika  ate  Deceaury  for  difierant  oparatiaaa ) 
In  rivellinK  machiDe*.  licnievFr,  a  load  of  5  tons,  having  a  Eiil  of  ahont  2  fcet, 
ander  a  pump  pmaare  of  1,500  Iba.  per  iqaaie  inch,  i)  ■oDicient  with  a  travel  of 
die  of  2 '.  inches  to  cluee  up  a  rivet,  the  final  preaaure  on  the  die  being  aboDt  40  tool. 

HT4rniallc  BsM, — By  meaDi  of  the  hydraoUo  ram,  wator  at  a  low  head  may 
be  nude  available  for  raiaing  a  portion  of  the  ume  water  to  a  bigber  level  than  tha 
■OMly. 

Tbe  action  of  thli  machine  dqwod*  npon  atilialng  part  of  the  energy  of  the  rapply- 
■nUer  In  clo^ng  ■  heavy  clack-valve,  and  in  comprcMlng  air  in  alr-voaela  eoaneotal 
by  dack-valvea.  During  ihla  procen  a  loaa  Df  water  taku  place,  aa  the  dodng  oF 
Cb*  heavy  clack-valve  ia  dependent  upon  the  Incruacd  velocily  of  Bow  do*  to  tbia 
waal*  When  Ibe  valve  ibnta,  the  oaliiow  ia  (topped,  and  tbe  energy  of  the  watar 
ia  now  apent  in  compreauog  tbe  air  in  the  alr-vanela,  by  whkh  maana  part  of  tba 
water  is  forced  upwarda  through  the  delivery^plpe.  Aa  Ihe  valodly  of  tba  wMar 
lias  DOW  been  reduced,  the  heavy  clack-valve  falli,  and  the  proccaa  ia  repaalad. 

Aa  the  efficiency  of  such  a  machine  will  be  the  naefal  work  partjrmad  In  raUng 
(taa  watei  above  the  rcserrolr,  dlvMed  by  the  work  doe  to  Ihe  tall  of  tbe  witv  mn 
=  Ul  frooi  twarTBli 


to  waste,  tbe  ntlo 


wQl  tvpreaenl  the  effldency,  v 


to  IBB,  A  =  balgfat  of  delivery  above  naervolr,  Q  =  quantity  nm  to  waali, 
g  a  qnantily  delivBol.  The  naulta  u  to  e&icieDcy  dlQer  oonaiderably,  depaod- 
lag  OD  BMchaoiim,  and  proportion  of  height  of  bll  and  faalghl  of  delivery;  itie  bast 
naulta  appearing  to  be  obtained  when  tha  proportion  ia  as  1  .  10  j  tha  afflciaocy  so 
l-M-'—^  will  be  aboot  'S,  «od  conaeqnenlly  ^  ik  -  ^    . 

AsDCtDUK  TO  Abtiolx  S62,  Faoe  297. 

irwaiM  ■ellB«  hj  R«lllw«  CMMo^ln  flg.  3IS,  tba  railU  A  D 

B  of  Ihe  two  amoolh  whcrls  to  be  connected  ar«  equals  bat  those  radii  may.  tf 

1,  be  mad*  unequal.  IheeasHitiai  coodltioD  of  Ibapioper  working  of  tba  owabi* 

'  ig  that  the  angle,  A  C  B.  made  at  Iba  eanm  of  tba  iutssmsdiata  wbal  by  tha 

if  eantrca,  thould  lie  a  little  ha  than  twioa  tba  complenwat  of  tba  angla  tt 
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Brakes— Pmnp  or  hydraulic,  404. 

Braas,  462,  477. 

Braises,  462,  652. 

British  and  French  measores,  679. 

Broaoh,  661. 

Bronze,  462,  477,  678. 

BnUdness,  826. 

Boshes,  18,  662. 

Gam  and  pin,  170. 
Gun-motions  in  turning,  291. 
Gams,  170. 

—Rolling,  90. 
—Spiral  and  conoidal,  174. 
„     —To  draw'bj  dieakr  ant,  178. 
Capstan,  190. 

Castings— Iron'— fev  mawhiwwry,  468. 
Cast-iron,  451. 

„       --Malleable,  468. 

„       — Resilience  of,  48f^ 

„       —Strength  of;  468,  477,  479, 

481,  488. 
„       —Tools  for  oattlag^  687. 
Cataract,  404. 
Catch,  206. 

„     — Frictional,  211. 
Centre  of  a  corved  line,  888. 
of  a  plane  area,  884. 
of  arolnme,  836. 
of  buoyancy,  829. 
of  gravity,  828,  845* 
of  magnitude,  334. 
of  mass,  828,  845. 
of  perettseion,  861. 
of  presraro,  329. 
of  special  figures,  836. 
Centrifugal  coupled,  365,  36& 
force,  830.  364. 
force — Balance  of,  368. 
ibree— Resultant,  865. 
tension,  441,  683: 
whirling  of  shafts,  649. 
Chnns— Gearing,  190. 
„     —Motion  of,  74. 
„     —Strength  of,  686. 
Change  wheels,  811. 
Changing  speed,  80,  185,  810-8131 

,,       stroke,  310-312. 
Chilling  cast-iron,  462. 
Chuck,  674. 

Cifde— Involute  of,  63,  68» 
„    — Projections  of,  16. 
Circular  aggregate  patns,  261  r 

arc8--Measurement  ci^  27. 
bevel  wheels,  86. 
pulleys,  182. 
skew  bevel  wheela,  87. 
spur  wheals,  8ft, 
wheels,  84. 
Clasp-nnt,  676. 
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aearance  of  teeth,  116. 
Clearing  corves  of  teeth.  123L 
CUck,»)6. 

„     — Doable-actuis,  209. 
„     —Frictional,  211, 
„     — SUent,  208. 
Gluteb,  296. 
CockB,806L 

Co-efficient  of  eleaticitj  492: 
„         of  firiction,  849. 
„        of8teedinesa,362. 
„        of  rtvesigth^  «a 
Cog— Hunting,  104. 
Gogs,  104,  4S. 
„     —-Strength  o£^  558L 
.,     —Wooden,  439^ 

Collapsing— Besiatanoe  to^  523L 
Collar  for  plunger,  2^ 

„     for  shaft,  35iw 
Comb  for  sorew-cotU^,  668l 
Combinations— AggrageCe,  235. 

— Elemeiatwy,  77,  80^  411 
Common  meaaose— GveatasK^  lud. 
Comparative  moticni,  ^ 

hi 

nations,  78. 
fai 

35. 
of  ri^dly 
pfti^rti  82L 
Component,  819. 

motions,  18. 
velodtiea  in  e  seCstiii 
33. 

Composition  offerees,  319L 
of  motions^  18. 
of  rotation  with  tranalatiaB. 

52. 
of  rotations,  64. 
Compoond  screw,  242. 
Compression — Longitudinal,  622. 
Cones— Pitch,  86. 
„    -Rolling,  68, 73. 
„    —Speed,  185. 
Conical  valve,  802. 
Coimected  points— Motion  ol^  82. 
Connecting-rod,  19Z  197,  44^. 

— £fract  ef  oobaBitT  e£ 

449. 
—Strength  o^  524, 637. 
Connection— Line  o^  82,  77. 
Continuous  brakes,  ft78L 
Contraction  of  cast  iraOi  454. 
Copper,  461. 
Copv-plate,  291. 
Cords — Motion  of,  180. 
„   —Pulleys  far.  187. 
„   — Strength  or,  475g 
Corrosion  of  uon,  46L 
Cottars— Strength  ofr^ 
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AmiOLCTKiinit  of  force,  SIR 
AMalcrilian,  330. 

,,  —Work  of,  3M. 

AccqnitiUtor,  fi77. 
Action  and  n-«clion,  310. 
Adiul  eDCTgr.  S''*- 
Addenilam  at  ■  toocfa.  tIG. 
A^joitmcDM  in  intcbMiisiD.  1S3. 

oTipHd,  80. 1S6,  SlO^m 
ofttnABiSlO-Sll. 
JkgpTgiU  cotnUotUoii,  S3S. 

iMtlM.  U9,  IBL  191. 
.Air— Friction  ar-injipM,  «M. 


AtsaiiiiJiim  bupu,  40.  477. 
Aaglc  of  npoM,  111,  198.  M9. 
Andes  of  toak—CottlDg,  (Ct. 
AagnlaridtdtT  M. 
ApanMbtftMLlIBL 

— T«»snii7,4& 

■  and  Art*— EBriwiy  <  «ZT,  ttl, 


BuOa-LiinEtb  of.  1B3. 

„    — Mnuriili  fur,  474. 

„    -iiatim  of.  7i,  t»4. 

„     -SdnittlkDr,  MI. 

„    irlih  (dimUr  pull*f >>  IM- 

,.    wilb  pidT|DiMl  pttUaj*!  ItO. 
Btml  poIItT,  iS7. 
Bcamt-'Btodiiw  Kllen  on,  Mt. 

„     -Dtfl^do  of,  eif. 

„    l)iail*tllM*DJ>,MI. 

.,      in  linkirork.  191 

„     — LoDglladinil  hMIdiu  dT  aetla 
tliwBfiit  lor,  bU. 

„      _RmU«k«  uf,  »I. 

„      -litiw(Ui  of,  Gl). 

„     _Slni^u»i]kiiig,IU7. 
BtuurtinMani  413. 

InUniltTor-UO. 


-r«w*«ci7,aw. 

— t«ktoi«liw<Mfc 
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Enennr  exerted  and  work  done— Equality 
of,  870,  876. 
„      —Potential,  870. 
„      stored  and  restored,  878,  875, 407. 
Engaging  and  disengaging  gear,  294. 
Epicyclic  tnun,  248,  246. 
Epiqrdoid,  56. 
Epicycloidal  teeth,  180. 
Epitrochoid,  56,  262,  290. 

„         traced  by  rolling,  262,  290. 
Escapements,  175. 

„  — ^Anchor  recoil,  177. 

„  —Dead-beat,  179. 

Expansion  of  iron,  325, 454. 


Face  of  a  tooth,  115. 

Factor— Prime— of  a  nnmber,  105. 

Factors  of  safety,  488, 545. 

Falling  bodies,  880. 

Fan-brake,  406. 

Fan  governor,  421. 

Fastenings— Strength  of,  497. 

Feed-motions  in  machine  tools,  298,  569. 

Flank  ofa  tooth,  115. 

„    circle  of  teeth,  123. 
Flaxen  fibre— Strength  of,  576. 
Flexible  secondary  pieces,  74. 
Floating  metal,  454. 
Fluid  secondary  pieces,  75,  221. 
Fly-wheels,  861,  407,  409. 
Follower,  77. 
Foot  pounds,  838. 
Force— Absolute  unit  of,  818. 
„    — Accelerating  and  retarding,  829. 
„    and  mass — Measures  of,  818. 
„    — Centrifugal,  880,  364,  868. 
„    de  cheval,  838. 
„    —Deviating,  830,  863. 
„    — Ordinaiy  units  of,  317. 
„    — Reciprocating,  374. 
Forces,  816. 

„     — Composition  and  resolntion  of, 

819 
„     —Parallel,  822. 
Fractions— Continued,  106. 

„      —Converging,  108. 
Frame,  17. 

Framework— Straining  actions  on,  580. 
Freedom  of  teeth,  116. 
French  and  British  measures,  579. 
Friction,  848. 

dutch,  296. 

—Co-efficient  of,  849. 

cones,  296. 

couplings   and   disengagements, 

discs,  296. 

dynamometer,  888. 

7-Heat  produced  by,  854,  899. 
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Friction — ^Measoremient  of,  895L 

of  air  in  pipes,  404. 

of  a  baud,  851. 

of  axles,  896. 

of  bearings,  858. 

of  pistons  and  plongeri^  899. 

of  pivots,  853. 

of  water  in  pipes,  404. 

— Besistanoe  of,  848. 

sectors,  296. 

—Table  of  co-effidents  of,  84P. 

— Work  done  against,  853. 
Friojional  catch,  211. 

gearing,  102. 
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Gear- Disen^igingand  re-CDgaging,  29i 

„    — Reversing,  z95. 
Gearing  chains,  190. 
„      — Frictional,  102. 
„      —Intermittent,  139.  286. 
„      —Screw,  157, 163,  289,  439. 
„      —Slide  valve,  253. 
„      -Toothed,  114. 
Geneva  stop,  286. 

Geometry— Descriptive — Elementary  lulc! 
in,  8. 
„       of  machinery,  8. 
„ '     — Rules  in — relating  to  planes,  >. 
„       —Rules  in— relating  to  stra^] 
lines,  6. 
Gibs  and  cottars— Strength  of,  499. 
Gooch's  link  motion,  255. 
Governors,  410. 

—Balanced,  or  spring,  418L 
— BeUows,  421. 
— Differentiid,  420. 
—Disengagement,  419. 
—Fan,  421. 

— Fluctuations  of,  418. 
—Isochronous  gravitv,  415. 
—Loaded,  413. 
— Loaded  panUwlic,  415. 
—Parabolic,  414. 
—Pendulum,  41 L 
—Pump,  421. 
Grasshopper  parallel  motion,  275,  292. 
Gravity,  816. 

—Centre  of,  328,  845. 
—Motion  prodnoed  by,  880,  S5T. 
—Specific,  825. 
—Table  of  spedfic,  826. 
Grease,  850. 
Gudgeons,  18,  540. 

„        —Strength  of,  541. 
Guide  pulleys,  188. 
Gyration— Ksldius  of;  859,  514. 
table,  860. 
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in  iDMUnes^  851. 


HARxomc  motion,  250. 

— Straining  eflkte  q(  5m 
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Hot  or  friction,  BM,  388. 
Hraviint,  S25. 

-Tihla  of.  BS8. 
Ilcigbu  dp«  lo  •clociUc*— Tibis  of,  3B1. 
lIclKil  motion,  SB. 

„         „       —  ItMotntioD  oF,  68. 
„      iHth,  1G6. 
Hslix,  38. 

..     -Nonn«l.  41, 
Hide— Raw— bcIU,  474. 
Hookc'i  coupling,  203,  20S. 
tlDoke-ind-OUhim  coupling,  206. 
IlarM.pawcr,  SSD,  3T8,  393. 
I!uiilii.S-™c.l04. 
IljdnuliO  KrODWtiMI,  SSI. 

„  „         — ComptntiviTGlo. 

atia  in,  2iS. 
„  „         — Eflidenc?  of,  444. 

— tnMimiiieiil,  S14. 
IlTdrmlic?  cylmder.  Sil. 
H'ftlnnlic  tmu,  2IS.  38t. 

,,  „      — Stmigth  of,  49fi, 

Hy&inlic  Run,  677. 
Uypobolaidt— Pitch  of,  ST. 

-BoUing,  70.  8T. 
HjpocydDid,  or  ialeiDal  opicjdoiJ,  36. 

IncliHd  pluM,  23!,  S8t 
ladicktod  power,  390. 
Indicator,  :190. 

,.       dUgnm,  39?. 
lomU-Womoit  ol.  3W,  SIS, 

.,      -B«laced,36a. 
Inaiiln  Rnrin):,  S6, 117. 
InitanuiKoiu  aiu,  46,  51. 
IntrmiUant  gMiinfr,  139.  !S6. 


„  — v<irTO«ni  ui,  »oi. 

„  — Kipuuion  of,  8S5,  434. 

„  loTRingt,  436. 

„  — Intpniitici  of.  4fil. 

.,  -Kindt  of,  45u. 

.,  -Mtlluble,  or  nrrongliC,  490,  4tS. 

„  — MnUeabltcwI,  4^4. 

„  -i;iK,*si. 

II    -I'rrM'mtioiiaf,460. 

„    —  Rnilience  of,  483. 

..    -Sl«lr.  467,  484. 

„   —Slnmgtli  of,  433,  456,  419,  477, 
4T9,  481,  482. 

„    — Tooli  for  cnttinic  338. 

„  -WddlDf- sf,  436. 
jAogcAnn  hooki,  30O. 
Joiol-KiOl  UKI  todul,  IM. 


Joint— Doable 
„   -UoiiOT 

Joiat-piai  lod 

497. 

Jdnt*— Stniigth  of  rivtttnl,  4D3. 
,    — Stnngtb  oTwcUca,  4B6. 
__ini*l*,  IB. 
JoonuUt — Friction  of,  SSS. 

„     — Stnuirth  uid  dimiiuioiii  of,  511. 
H4. 

KsT«— SbtDEtb  of,  497,  4(0. 
Kilofinninw.  818. 
KiIoi;nnunitre,  811,  33S. 
Kinetic  aoney,  973. 
Knot,  or  ninllcal  mile,  340. 

I.AI-ofilidBT>lvo,3D7. 

UU)«i,57I. 

Leid.4SI. 

Lead  of  ilida  tilo,  309. 

IxUbtr— Strongtli  of,  471. 

LsTB,  Its,  231,  880. 

„     — Sbw^  oT  U7. 
Lioa  of  omiMCUoii,  32,  7T. 
lino  of  contact,  137. 
link,  192. 
„   -Bud,  SIS. 
..   —Drag,  194. 
,,    fbreoDtnrTivtatiaiU.19S, 
„    — Slotted.  S13. 
,     — Slrenpli  of,  335,  637. 
linlc.motioni  for  alldc  nlTc*,  233. 
Liokwcnk— Aggregate,  248. 
„       -ConnMtioa  hj.  192. 
„      — Doabline  of  occilUtiont  kr. 

101. 
„       -EffictancT  of.  Hi.  440. 
„       — Hannonfa  motion  in.  230. 
„      —  InltnnittsiE,  206. 
„       —Length  of  Wrolte  in.  107. 
„      -Slow  motion  bjr,  SO?, 
„       — Vilodty-ralios  in,  I9S. 
..      with  redpracating  moiidn,  194. 
Lob«l  irbRla,  97. 
Utncation,  848,  330,  393. 
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of.  313. 


Uacbinoy— DrnaDia  of.  313. 
„        — Gaomatrr  of,  8. 

— UwanilnaiUof.  I. 
Macnitod*— C>nlr«  of.  334. 
UaQeia>l<  caU-inn.  4^. 

iron.  430,  Hi, 
Maaa,  818, 336. 
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Maas— Centre  of,  911^  Mt 
Matorials  used  in  mmninuj^  ISO. 
Meaanre    Greateet  common,  tOG. 
Measona— GomparatiTe  table  of  French 

and  Britiflli,  679. 
Meehanical  powen— Ctaipantife  motion 

in,  231. 
„  ,         — ^FoBoea  in  the,  979. 

Mechaniam— Amtegate  eomfamadons  in, 

— Elementary  combinationa  in, 

77,80. 
— Elementary  combinations  in 

^cUased  in  detail,  329. 
— Primary  piecea  in,  17. 
—Pore,  6. 

— Secondary  nieces  in,  43. 
Mensuration  of  areas,  881. 

of  carved  lines,  27,  839. 
of  geometrical  momantBi  884. 
of  volnmes,  388. 
Modulus  of  a  machine,  377. 
,,       of  elasticiW,  493. 
„       of  pliability,  492. 
„       of  resilience,  494. 
„       of  rapture,  613. 
,,       of  stifiPness,  491. 
Moment  of  a  plane  area,  223,  335. 
„       of  inertia,  S59,  613. 
„       of  resistance,  613. 
Moments— Geometrical,  334. 

„       — SUtical,  321. 
Momentara,  329,  355.  353. 
Mortlse-vrheel,  473,  664. 
Motion — Comparative,  22. 

„     — Comparative— in  rotating  pieces, 

31,36. 
„     —Helical,  86. 

„     of  a  rigid  body— Unrestricted,  60. 
„     of  connected  points,  32. 

— Periodic,  38s  196, 246,  375,  407. 

— Belatiye,  21,  80. 

— 'Beaolatienand  composition  of,  18. 
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Kecks  of  shafts,  644. 
Kentral  ozis^  612. 

„      surface,  51L 
Nominal  horse-power,  888. 
Non-drcnlar  wfie^  93. 
Normal  helix,  41. 
Normal  pitch  of  gisaring-MRws,  169,  l^i 

„        0f8«rBWJiML41. 

„     oftaethyUX 
Nnt— Clasp,  576. 
,,  or  internal  screw,  86. 
Nuts  for  bolts,  499,000. 

Odomtoobaph,  186, 
Oil,  850. 


Oldham  ooa]>Un^,  188L 
Outside  gearing,  i'.^. 

Paddle-wbkkx.8 — FflBdMriB^  STit 
Pallets,  175. 
Pandynamometer,  387. 
Parallel  forces,  822. 
motions,  274. 
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375,291 


— Robertf^x 
— Boles    ftr 

277. 
— Trseiiig     mmanmdM 

drcnlsr  arcs  Vt,  281 
—Watt's,  275.    ' 
Paring  toob,  568L 
Pasteboard  for  beazins;s,  474. 
Paths— Aggregate,  23sr,  361. 
Pendalam7361. 

„        governor,  411, 
„        — Bev6lTin^364. 
Percusaon— Centre  of^^l. 
Periodic  motion,  38, 196,  246,  375,  407. 
Phosphor  Bronze,  578. 
Pig-iron,  451. 
Pillars,  524. 

Pin  and  slot— Connec^m  by,  167. 
Pinions,  105. 

„      —Long  or  farosd,  286w 
Pm-rack,  189. 

Pins-Strength  of,  497,  489. 
Pin-wheel,  137. 
Piston,  221. 

—Friction  of,  899. 
—Work  pofonned  by  a,  84L 
Piston-rod,  223. 

„         —Efficiency  of^  449. 
„         —Strength  of,  984. 
Pitch  of  a  screw— Axial,  S7,  42. 

— DiaBiteal   sad  nSd, 
111. 

— Dividad,4aL 
;,   -NonmMl,l|^l«8,Ul 
Piteb-oiRlea,  82, 1&7. 
Pitch-cones,  8i>. 
Pitch-cylinders,  83, 85. 
Pitch-hnes,  82. 
Pitch-point,  «^  Ilk 
Pitch-surfaces,  81, 189L 
Pitch  of  teeth,  109L 
PilehiBf,  lU,  579v 
Pivota,  18. 

Pivot— FricCiM  of,  t9lL 
Plane  iorfaoet—SerapiBK 
Planing,  669. 

marine,  679. 
Planometer,  571. 
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rixtp-iren,  UA. 
Plulr-iointi,  4116,  tiO. 
I'lULUiiy,  491,  «2,  i9I, 
I'lumbtr-bloft^  M2. 
riDpg»r,  J:n. 

„        -Friclionof,  3». 
PncuniBtic  conDccIion,  Hi. 
roinl— [iririnK  and  wotkjni;,  33. 
rQlv(!onoftorco>,SSO. 
roii-atii.1  raenj.  KO. 
PM-nnUl,  ■iSf 
pgiiter,  SB9. 

„      mi  efltet,  878. 

„      —Haras,  m.  8T8,  S93. 

„      — lodkated.  S90. 
Fontn    M«ch«Tiic«l,  231.  il'J. 
Pnw-Ujdnaliis,  326,  3E1,  49j. 
Fnatin—CaiCn  oT,  :]29. 

„       — Intaniltj  of.atS,  S12. 
„      on  bMhn^  OSO. 
FlimuT  morins  pieca — Efficieucr  of,  423. 
,.        — «oti™iif,17,M. 
„  „       —Work  0^  8M. 

Prun>  feelora,  IM. 


Pulby.  Il*,  231,  881. 
PDlley.blockt,  2U,  liS. 
PialkjB,173. 

,.       — Cireulu,  IBJ. 

„      —  Diflerential,  tllL 

„       — EcaDtric,  188. 

„      — EUiptie,  189. 

„      — Ful  ud  loOK,  181. 
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njpsa  uidM 
— OnWi,  188. 
— N<ni.(irnikr,  188. 
— Poljniul,  182. 
-Sp-llSfc 
—Stnlniae.  tM. 
— Sii>pui£d,  131. 


RinlTKE!lT,  ». 

Back— Clr<;iilir.  ?ai 
Bwki— TMth  of,  K 


BadUlpttdL  UL 

B^v  ar  naUoo,  8M,  360,  fill. 

BaMbM  JdeliA.38«. 

IUWaf««fc.«W. 

BMio — AptmzlnMtiani  to  « |lmi,  1 


BnctiDD     of    BCCrloroln]    inil    rrtankd 
IxH^icn.  S3U,  bia. 

„       tifi  [evalTinghndy.  330. 

„       — 8eni«)ii|t  dfccU  of.  3:10. 
Rec^procaUng  tone.  3't. 
RcdnplkatiaD,  214,  443. 
RcEDlatiDK  apiuntiii  for  nuUinei'v,  4UU. 
Helalinj  motion,  21. 

„  „       in  a  nttting  pieoo,  30. 

Hapow-ADileof,  ■Jll,2""  *'* 
K«l]i«ice.  48i.  41 
ItHuUncc,  3tG. 


t,  M4,  biL 


.0  Halmtion,  3»4. 
-Mmo,  347. 

of  fiiclian,  348. 


RoaolODt  forcn,  319.  3S9. 

„        motKiii,  18. 
I!i>varting-gnr,  S9S. 

by  bdM,  199. 
by  linkwcdt  299. 
by  unh,  198. 
by  (alni,  301. 
BcroUu>«i-Uotuo<<le. 
Ripdity,  491. 
Kimer,  981. 

Riml»-Stronj[lli  of,  498. 
RhrBtudinnti— Stmirtli  of,  405. 
Bod— CaiwMtiat;,  102, 197, 449,  S14,  £37. 
„  — Eamtric,  192, 197. 
„  — Kiteo,  SIS,  449,  G24. 
RoUod  Gurm,  SI. 

„  „      —To  dnw,  68. 

„         „     — Tracing  <^— by  nmhia- 

RoIlui,fll. 

RoUiur  ftl.  58,  68,  7fl. 
..      euns.  »«,  »•. 

68,78. 


Sfil 


DtSl. 


Root-cirel«oftMUi.  123. 
Botw— Strengtli  of,  479. 

„    —Wire,  147.  fiSa,  884. 
Rnuiion  iboat  ■  lli«d  point  48. 

„       — Compoiitba  104  molatlan  ol, 
£4,«l. 
tomponndrf  wVh  tiMilrtiw.  6% 
,.    '.  of  *  primwy  ^Hs,  M, 

ofi  Hcondify  piMia,  U,  41. 
Rulni  arfiwn  -CuClkig  gf,  KO. 

6«rKrT— F«t 


I 


588 


INDEX. 


11 
11 
11 
11 
11 
It 
II 
11 

M 
»» 
11 
11 
»1 


Scnipiiifr,  662,  571. 
fiJcrew,  18. 

and  nut,  157,  676.  ^ 
— Comparative  motion  in,  87. 
— Coropoond,  242. 
—Differential,  242. 
—Efficiency  of,  483. 
—Endless,  163. 

as  a  mechanical  power,  284,  861. 
— Motion  and  figure  of,  86. 
—Pitch  of,  86. 
—Reciprocating  endless,  246. 
—Strength  of,  499. 
—Tangent,  165. 
wheel  work,  157. 
with  clasp-nut,  676. 
Screw-cutting  by  lathe,  675, 

„  by  taps  and  dies,  568. 

Screw-gearing,  157. 

„  — Effidency  of,  439. 

„  — Figures  of  threads  in,  1 03. 

with  rack,  289. 
Screw -line,  or  helix,  88. 

—Axial  pitch  of,  88, 42. 
— Circumferential  pitch  of,  42. 
— Curvature  of,  41. 
—Development  of,  40. 
— Dindea  pitch  ofj  42. 
— Normal  pitch  of,  41. 
-Right  and  left-handed,  87. 
Secondary  moving  pieces,  48. 

—Flexible,  74. 
—Fluid,  75. 
— Rotation  of,  45 
— Translation  of, 
44. 

Sectors— Logarithmic  spiral,  99. 
Shaft— Braced.  576. 

,,    —Centrifugal  whirling  of,  549. 
Shafting— Efficiency  of  long  lines  of,  483. 
„      — Span  between  bearings  of,  545. 
Shnt'ts  and  axles— Efficiency  of,  427,  483, 

449. 
Shafts — Resilience  of,  504. 
„     —Resistance  of— to  twisting,  500. 
„    —Stiffness  of,  545,  576. 
„    —Strength  of,  501,  540,  544,  617, 
676. 
Shaper-plate,  291. 
Shaping  madime,  571. 
Shearing— Resistance  to,  496. 

„      tools,  560. 
Sheaves,  214,  216. 
Shells— Boiler,  494, 67a 
Silk— Strength  of  576. 
Simpson's  rules,  332. 
Skew-bevel  wheels,  82,  87. 146, 152. 
filide-valves,  806.  814.      ' 

„         —Motion  ot  260.  306. 
,f         —Link  motions  for,  268. 


79 

Screw 


11 

11 


11 
it 
If 


If 


9t 


f« 


11 


ff 


11 


ff 


t» 


ft 


11 


Slide-yalves— Morablo-seatad,  280. 
Sliding  contact— Conneetkm  by,  114. 

;.  „    — EflSdency  o^  487. 

Sliding  piece— Effidency  of^  426,  4491 
Slot  ana  pin— Coonection  bj,  167. 
Slotted  link,  218. 
Slotting,  569. 

„       machine,  571. 
Soft  metal,  464. 
Solder— Hard,  or  spelter,  46S. 

„    — Sof^464. 
Specific  gravity,  825. 

,,  „      table  d,  826. 

Speed— Adjustments  of,  80. 

— byba&dsaodptl- 

leys,  185,  811 
— by  frictiflo- 

wheda^  810. 
—by  tooled 

wheela,  811. 
— by  valves,  818. 
Speed  of  cutting  tools,  667. 
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A  DICTIONARY  OP 

DOMESTIC    MEDICINE 

AND  HOUSEHOLD  SURGERY. 

BY 

SPEKCEK  THOMSON,  M.D.,  EmR.,  L.R.C.S^ 

Thoroughly  nvistd  and  brought  down  to  thiprtstnt  state  of  Medical  Si 
With  Appendix  on  the  MANAGEMENT  of  the  SICK-ROOM,  and 
Hints  for  the  DIET  and  COMFORT  «f  INVALIDS. 


From  the  Author's  Prefatory  Address. 

"Without  et)tdring:ii||i»» chat  dlfficuh< gromid  which  ooiiect  nrofnMiooal 
knowledge,  and  edncaUMl^jiadgmem,  catt^  akmt  ifMMit  t<fhtlf^$MtfW^44en, 

there  is  a  wide  and  extensive  field  for  exertion,  and  for  usefulness,  open  to 
the  unprofessional,  in  the  kindly  offices  of  sl  true  DOMESTIC  MEDICINE, 
the  timely  help  and  solace  of  a  simple  HOUSEHOLD  SURGERY,  or  better 
still,  in  the  watchful  care  more  generally  known  as  '*  SANITARY  PRECAU- 
TION,** which  tends  rather  to  preserve  health  th«n  to  cure  disease.  **  The 
touch  of  a  gentle  hand  *'  will  not  be  less  gentle  because  guided  by  know- 
led^,  nor  will  the  safe  domestic  remedies  oe  less  anxiously  or  cirefuUy  ad- 
ministered. Life  may  be  saved,  sufifering  may  always  be  alleviated.  £veo 
to  the  resident  in  the  midst  of  civilization,  the  "KNOWLEDGE  IS 
POWER  **  to  do  good  i  to  thtf  settler  and  the  emigrsrtt  it  it  INVAI»UABL£. 
I  know  well  what  is  said  by  a  few,  about  injuring  the  medical  professkm, 
by  making  the  public  their  own  doctors.  Notning  will  be  so  Ukely  to  nyJse 
"long  cases"  as  for  the  public  to  attem)>t  any  sucfh  folly |  bnt  people  of 
moderate  means — who,  so  far  as  medical  attendance  is  concerned,  are  wonc 
ofif  than  the  pauper — will  not  call  in  and  fee  their  medical  adviser  for  every 
slight  matter,  and,  in  the  absence  of  a  little  knowledge,  wilt  have  recoorBe 
to  the  prescribing  druggist,  or  to  the  patent  quackery  which  flourishes  upon 
ignorance,  and  upon  the  mystery  with  which  90tht  woold^bvest  their  caMiii& 
And  not  patent  quackery  alone,  but  professional  quackery  also,  is  less  Ukay 
to  find  footing  under  the  roof  of  the  intelligent  man,  who,  to  common  sense 
and  judgment,  adds  a  little  knowledge  of  the  whys  and  wherefores  of  the 
treatment  of  himself  smd  family.  Against  that  knowled^  which  might  aid 
a  sufferer  from  accident,  or  in  the  emergency  of  sudden  illness,  no  hamane 
man  could  ofifer  or  receive  an  obfection.*^ 

Notices  of  the  Press. 

"The  BEST  and  SAFEST  book  od  Domestic  Medicine  and  Honiehold  SorfCfr  which 
bae  yet  appeared."— LoM<<off  Journal  of  Medicine, 

"Dr.  Thomson  has  fully  8  acceded  in  conveying  to  the  psWc  a  vtst  amount 
fessional  knowledge."— I>m6/iii  loumal  of  hiedicml  Scienee. 

The  best  production  of  the  Ictnd  we  possess.**— CArif/uM  WiimsM, 
The  amount  of  useful  knowledge  conveyed  in  this  work  it  ■Brpriainf."- 

**  Worth  its  wsionf  nt  oold  to  famiuss  and  tbb  cuMr.*(-ar/M  SemU^ 
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wilt)   Mapa.      I'Jut  Hvo.     LIuih.  bevelled,  It/6 1    n^utukiio,   ^^|^i.     Fijtit 

L_  -.•  Tb<obJ«l  ot  IheCuMIFIipBiiLiiMspmeniUiE.MueSaHRluHt  endrr 

^B  CHtaM«iaIlAaana<i'i(uMlv<Hui]>'ir  Toiuh   It  dilKnlNH  •■■  oMmMT  CMKorc- 

^1  ■«  ia  UiM   tb  ameiRinimt  d>pcB<]i  oat  oa  wwdL  Ihi  'O  •>»)<«».    Tn<  Ktid.r 

^H  will  Bad,  wrt»  fony.twa  AiftHn  Smciam.  wtin  ik*  Will*  wy*  la  nl«l»n  i<t 

I  IV.  EADIE  (Rev.  Prof.):  ECCLESIASTICALCY- 

'  CLOP,«DIA    (The);     A    Diet.onary  of  Chtitiian    Aniiquitie*.    Seen, 

Denominaliona.  and  Kemie*  ;  H:atorv  of  l>i>i;nn>,  Knea.  Saeramenlr, 
Ceremuniei,  &c.,  Liiurgei.  Crecda.  CuiifeKiiona.  MunHiiit  and  KeligiUNi 
Orderx.  Modern  J  .rl.iiam,  Ac.  By  the  Hev.  Pruf.  t.Dir.,  aaoaied  b]r 
the  Rev.  Dr.  Hah  .  whi.i.  Hmon.Veii.  Aichdeicun  HA<.a.Prot.  McCaul. 

V         an'l   other  euntrihuiorn,      Poai   iva.     Llolh   bevelled,    3/A;   morucca 

^,  antique,  I7.'6.     Sitth  Edilioa. 

t!  "Our -ndini-illB   InrrdlobilT'ld  Ihit  Ihii 

_        kMh  tiartf  aad  lalv.*— £a(Jua  C*afflmaai 
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Rev.  Prop.  Eadie's  Works — {continuid). 

V.  EADIE   (Rev.  Prof.) :   A  DICTIONARY  OF 

THE  HOLY  BIBLE;  designed  chiefly  for  the  Use  of  Young  Persons. 
From  the  larger  work  by  Prof.  Eadib.  With  Map  and  numerous  Hliis- 
trations.  Small  8vo.  Cloth,  2/6 ;  morocco,  gilt  edges,  7/6.  Stventamtk 
Edition, 

**  Parents  and  tutors  will  nnanimoasly  thank  the  author  for  this  result  of  a  laboor 
ofloTe.**— Cn/ic. 

"  A  very  good  and  useful  compilation  for  youxh^— Literary  Gtuettg. 

VI.  EADIE  (Rev.  Prof.):  A  COMMENTARY  ON 

THE  GREEK  TEXT  OF  THE  EPISTLE  OF  ST.  PAUL  TO 
THE  EPHESIANS.  Revised  throughout  and  enlarged.  Demy8va 
Cloth,  14/      Second  Edition, 

*'  This  book  is  one  of  prodigious  learning  and  research.  The  author  seems  to  havs 
read  all,  in  every  language,  that  has  been  written  upon  the  Epistle.  It  fi  also  a  work 
of  independent  criticism,  and  casts  much  new  light  upon  many  paaaages.** — Littnff 
GoMttte. 

%*  A  Complete  Prospectus  of  Dr.  Eadie^s  Popular  Works  for- 
warded gratis  and  post-free  on  application. 


HENRY  (Matthew)  :     A  COMMENTARY  on  the 

HOLY  BIBLE.  With  Explanatory  Notes.  In  3  vols.,  super-ro}-a] 
8vo.     Strongly  bound  in  doth,  50/-    New  Edition. 

HERBERT     (George)  :       THE       POETICAL 

WORKS  OF.  With  Memoir  by  J.  Nichol,  B.A.,  Oxon,  Professor  of 
English  Literature  in  the  University  of  Glasgow.  Edited  by  Charlss 
CowDEN  Clarke.  Antique  headings  to  each  page.  Small  Svo. 
Cloth  and  gold,  3/- ;  morocco  antique,  8/- ;  malachite,  zo/6. 

KEBLE  and  HERBERT :    THE  CHRISTIAN 

YEAR,  by  John  Keble,  with  Memoir  of  the  Author  by  W.  Temple  ; 
and  THE  TEMPLE,  by  George  Herbert,  with  Memoir  by  Prot 
NicHOL.     In  one  vol.,  Svo,  illustrated,  cloth  and  gold,  7/6. 

KITTO  (John,  D.D.,F.S.A.,):  The  HOLY  LAND: 

The  Mountains,  Valleys  and  Rivers  of  the  Holy  Land;  being  the  Ph\-sical 
Geoeraphy  of  Palestine.  With  eight  full-page  Illustrations.  Fcap.  Svo. 
Cloth,  2/6.     Tenth  Thousand.    New  Edition. 

"  Containi  within  a  ■mall  compass  a  body  of  most  iDteresting  and  Taloabls  iafor- 
DStion." 

KITTO    Qohn,   D.D.,    F.S.A.)  :       PICTORIAL 

SUNDAY  BOOK  (The).  Containing  nearly  two  thousand  lUuttratioiis 
on  Steel  and  Wood,  and  a  Series  of  Maps.  I'olio.  Cloth  gilt,  50/* 
Seventy 'third  TKousand* 


RELIGIOUS  PUBLICATIONS. 
PALEY  (Archdeacon):  NATURAL  THEOLOGY; 

Or,  the  Evidences  or  the  Eiistence  and  the  Attributes  ot  the  Deity. 
With  lllustrsiive  Notes  and  Dissenations,  by  Henry,  Lord  Brouoham, 
and  Sir  Charles  Bell.   Many  Engravings-   One  vol.,  i6mo.   Cloth,  4/- 

irullii,  and  lit  ihE  mind  (arlhe  hither  rEVcfaliodi  which  thue  truthi  arc  dmiBcd  w    ^H 

ALEY (Archdeacon):  NATURAL  THEOLOGY,  H 

with  Lord  Brouokam'h  Notes  and  DIALOGUES  ON  INSTINCT.  ^H 

Many  lUustrationi.     Three  voli.,  :0mo.    Cloth.  7/6.  ^H 

*.•  This  EMtioH  tvHtaiHs  llu  ahoU  of  thi  Original  Wari.  fiublUhid  ^H 

oJ  Tao  auiiiiai,  with  Iht  ixciftioa  of  tht  MalktmatUal  Disiirlalioni.  ^^M 


RAGG  (Rev.  Thomas) :  CREATION'S  TESTI- 
MONY TO  ITS  GOD;  ihe  Accordance  of  Science,  Philosophy,  and 
Revelation.  A  Manual  of  the  Evidences  of  Natural  and  Revealed  Re- 
ligion 1  with  especial  reference  to  the  Progress  of  Science  and  Advance 
»oT  Knowledge.  Revised  and  enlarged,  with  new  Appendices  on  Evolu- 
tion and  the  CoHitnalion  ef  Emrgy,  Large  crown  Svo.  Handsoma 
doLh,  bevelled  boards,  j/-  ThirlitHlh  Edilion. 
"V/t  in  not  s  liHlt  pl«.tii  »g»in  In  mCEt  with  tbc  »uihor  of  thi»  lolume  in  iba 
new  edilion  or  hiifar-limtdwoiii.  Mr.  Rage  i>  oot  odhefcHariciii*]  wntcnotuBr 
limi  ID  whom  justice  it  bcin^  done.'— BnluT  jfdsJant. 

IThl*  work  has  bctn  prpnaunccd  "The  book  of  the  lee,"  " The  best  posulir  Teit 
Book  of  the  Sciucu.'  ud  "  The  only  compltle  MaDufal  Reliiiinn  kvidcace  Na- 
tural and  K«vu1ed.'J 

RELIGIONS  OF  THE  WORLD  (The) :     Being 

Confessions  of  Faith  contributed  by  eminent  Members  of  every  Denom- 
ination of  Christiana,  also  of  Mahometanism,  the  Parsee  Religion,  (he 
Hindoo  Religion,  Mormonism,  &c.,  Ac,  with  a  Harmony  of  the  Cbrislian 

■  Confessions  of  Faith  by  a  Member  of  the  Evangelical  Alliance.   Crown 

L        Svo.  Cloth  bevelled,  3/6.    Ntw  Edition. 

^         work!r'an^ib^°?iibjccl*b^ing'wTitleD  '^  ooe  ^adiv^ul^  at°  Dccu^ill'r  onE-slda' 

SCOTT  (Rev.  Thomas) :  A  COMMENTARY  ON 

THE  BIBLE :  containing  the  Old  and  New  Testaments  according  10 
the  Authorised  Version,  with  Practical  Observations,  copious  Margin.  1 
References,  Indices,  &c.   In  3  vols.,  royal  410.  Cloth,  63/- ^(»  i^dilion. 

TIMBS    (John,  F.S.A.,  Author   of  "Things  not 

Generally  Known,"  4c.) ; 

THOUGHTS  FOR  TIMES  &  SEASONS.  Selected  and  compiled 
by  John  Tiubs.      Fcap.  Svo.      Cloth  neat,  i/-    Sttond  Edition. 

"  In  •  B((i  and  concise  fatm  ut  brgnnhi  iinfiihcr  ttriliin(  ind  b-sutifol  psissire 
from  ihi  wotki  of  ike  mosi  eminent  dirrnet  anil  morslltu.  sod  polilical  sndsueaiae 
■nuts  of  sckiHn>lcd(id  ability '—EdinkarfA  Daily  RituiK 
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Scien  tific     Works . 


WORKS43V  /WILXJAM  AITKBl*,  M.U.,  B^in.,  F.R.S, 

PlofoMor  of  RHtholOfly  im  Hwr  Annjr  Mcdiesl  Schosi,  BxaraiiMr  in  Mcdkias  l«r  H.M .1 
Army.  Navyvaadf  BX  Madikait  SonrkoB,  Carvatpoiuiuig  Member  of  the  Royal.  Imperul 
Society  of  Physicians  of  Vienna,  of  the  Society  of  ftledicine  and    Natarak  Uimery  of 
Ureaden,  aod.of  the  Imperial  Society  of  Medicine  uf  Conataminoiik. 


The  SCIENCE  and  PRACTICE  of  MEDIGINE. 

In  2  vols.,  demy  8vo,  cloth«  with  a  Steel  Plate,  Map,  and  nearly 
200  Woodcuts.  Price  38/-  Sixth  Edition ,  thorottghfy  rrwiMid  and 
enlatcgfd. 

From  the  amount  of  additional  matter  introduced,  the  two  Voliiiiies.of  the 
Sixth  Edition  are,  in  reality,  equivalent  to  three  ;  a  special  fount  of  type 
having  been  cast  to  enable  the  printer  to  preserve  clearness  without 
adding  to  the  bulk  of  the  work. 

The  Author  has  adopted  throughout  the  New  NoMSNCUiTtnts  and  fol- 
lowed the  Order  of  Classification  of  Diseases  published  by  the 
Royal  College  of  Physicians  in  i86g.  The  Diagrams,  illustrative 
of  the  typical  ranges  of  body-temperature  in  Febrilb  Disbasbs  (which 
were  given  in  the  third  edition  of  this  work,  in  1863,  for  the  first  time 
in  a  Text-book),  have  been,  with  few  exceptions,  re-drawn  and  cut  upon 
a  new  model. 

Additional  Woodcuts  have  also  been  introduced^  wherever  it  was  thought 
that  they  would  render  the  descriptions  in  the  text  more  intellig^tble. 

In  short,  no  labour  or  expense  has  been  spared  to  sustain  the  well- knows 
reputation  of  this  Work,  as  **  the  Representative  Book  of  the  Medical 
Science  and  Practice  of  the  day.*' 


Opinions  of  the  Press. 

*'  The  work  is  an  admirable  one,  and  adapted  to  the  requirementa  of  the  Stadcot, 

Trofeaaor,  and  Prmctitiooer  of  Medicine Malignant  Cholera  ia  very  fully  dt«- 

cussed,  and  the  reader  will  find  a  large  amount  of  information  not  to  fa«  met  with  ia  other 

books,  epitomised  for  him  in  this The  part  on  Medical  Gc»grmpby  forms  sa 

admirable  feature  of  the  volumes We  know  of  no  work  that  contains  so  neck, 

or  such  full  and  varied,  information  on  all  subjects  connected  with  the  Science  aad 
Practice  of  Medicine." — Lancet. 

"The  extraordinary  merit  of  Dr.  Aitken'swork The  author  haanoqaeatiooably 

performed  a  service  to  the  profession  of  the  most  valuable  kind.  The  article  oe 
Cholera  undoubtedly  offers  the  most  ckmr  and  satisfactory  sammnry  id  o«r  kam^edgc 
respecting  thai  disease  which  has  yet  appeared.'* — Prmctitwntw. 

"  Altogether  this  voluminous  treatise  is  a  credit  to  its  Author,  its  Pablisber,  and  ts 

English   Physic Affords  an  admirable  and  honest  digest  ol  the  opmioos  »mi 

practice  of  the  day Commenda  itself  to  us  for  sterling  vaJne,  width  ol  mtroapcct, 

and  fairness  of  representation." — Mtdico-Chirurgtcal  Revuw, 

"The  Standard  Text-Book  in  the   En»;lish  language There  ia,  perhaps,  00 

work  more  indispensable  for  the  Practitioner  and  Student" — Edim.  M§dicml  Jounui. 

"  We  can  say,  with  perfect  confidence,  that  no  medical  man  in  India  ahoaid  be 
without  the  Sxzth  Edition  ot  Dr.  Aitken's  'Science  and  Practice  of  Medicine.'  We 
aay  the  Sixth  Edition^  because  it  is  full  ot  new  matter.  The  article  on  Cholera  is  h%  far 
the  most  complete,  judicious,  and  learned  summary  of  our  kaowtedge  rcapecsuic  this 
disease  which  baa  yet  appeared."— /iMfton  Uediaai  Guutte* 


SCIENTIFIC  PUBLICATIONS.  9 

Prof.  Ambu's  Works— {tow (intKrf.) 

AITKEN  (William,  M.D.,  F.R.S.):     OUTLINES 

OF  THE  SCIENCE  AND  PRACTICE   Oi-"  MEDICINE.    A  Tot- 
Book  For  Staileiu.     Crown  Svo.     Cloth,  bevelleil,  u/fi. 

■ifu  ^  wkieh  Ikry  mar  ■*  ilntinciililwd.  toRtlhcr 


cannot  fail  lubcconic  i  populit  one,  ■ 

DBcixly  linil  lyilr 

IliKliclly  S*m.    'Cbihnak 

"  Well-dicnlcd.  cl»r.  ,oi  »fll-»ii' 

uKf'of'iht'iino 

ci^;!;^^!^:^::"'""-"""™""  *-" "- 

1  rerha  godiead  fw  iu  con- 

•■  Is  rnptcl  of  bolh  Ihe  m.IKi  eonli 
Tn^T  SHt^on  on  D*  mm  ol  the  ii»v 

linel,  md  tlie  mil 
nsili.nrc  csuM  bt 

om"".'™.-.^. 

•lite^htrmitU-U  Kmcw. 

AITKEN(\Villiani,M.D. 

OP  THE  RECRUIT,  and  (he 
S«l«t.on  of  "Growing  Lads"  3 
Pte»aralio». 

.F.R.S.):  The  GROWTH 

Young   Soldier,  with  a  view  to  the 
ind  their  Training.     !itcond  Edition  in 

AITKEN   (WUliam.  .M.D,  F.R.S.) :     OUTLINE 

FIGURES  OF  THE  TRUNK  OF  THE  HUMAN  BODY.  Oa 
which  to  indicaie  ihe  arcB*  u[  physical  at^s  in  the  Ciinica]  OHgnoitt 
of  OiieaM.    I'orthcaMofSludcmaiuidPraclitioaeriofldediciiie.  1/6. 


AXSTED  (Prof.,  M.A..  F.R.S.)  :  GEOLOGY  : 

ATREATISEON.     ;CircleofiheSciences|.     C town  Svo.    Cloth,  j, 6. 

ANSTED    (Prof.,    M.A.,   F.R.S.)  :     NATURAL 

HISTORY  OP  THE  INANIMATE  CREATION,  recorded  in  iho 
Stnielurc  of  the  Earth,  the  Planu  of  (he  Field,  and  the  Atmonheric 
Phcnomciu.  Wirh  numaroua  llluauaiion^.    Large  poMgvo.    Cl»ai,SI6. 

BAIRD   (W.,  M.D.,  F.L.S.,  late  of  the  Brhish 

THE  STUDENT'S  NATURAL  HISTORY;  a  Dictionary  uf  *•  Na- 
mral  Science*:  Bolany,  Cancbala){)'.EnlomaloKy,&eology,  MiMtfalt^jr. 
Palsoniology,  and  Zoo'ogy.  With  a  /oulogic«l  Chan,  Mhswine 
the  Distnbulion  and  Range  of  Animal  Life,  and  over  two  hundred 
and  arty  Illuairaiion*.     Demy  8vo.    Ctoih  gill.  iii.'G. 

hcuiKncw.  to  iMMr  (M  wwulibi  iu«  Iu  Naianl  silmce.' 
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NEW    AND     IMPORTANT    WORK. 

A  DICTIONARY  OF    HYGIENE  AND  PUB- 

Lie  HEALTH.  By  Alexander  Wynter  Blyth,  M.R.C.S.,  F.CS.. 
etc.,  Analyst  for  the  County  of  Devon,  and  Medical  Officer  of  Health 
for  the  North  Devon  Combination  of  Sanitary  Authorities.  Medium 
8vo,  672  pp.,  cloth  bevelled,  with  Map,  Diagram,  and  140  lUastratioos, 
Price  28/- 

GENERAL    CONTENTS. 

The   Work   comprises  over  Seven  Hundred  Artides,  embracing  the 

following  subjects: — 

I. — Sanitary  Chemistry  :  the  Composition  and  Dietetic  Value 
of  Foods,  with  the  latest  Processes  for  the  Detection  of  Adul- 
terations. 

n. — Sanitary  Enoinberino:  Sewage,  Drainage,  Storage  of 
Water,  Ventilation,  Warming,  etc. 

in.  —  Sanitary  Legislation  :  the  whole  of  the  PUBLIC 
HEALTH  ACT,  1875,  together  with  sections  and  portions  of 
other  Sanitary  Statutes,  (without  alteration  or  abridgment, 
save  in  a  few  unimportant  instances)  in  a  form  admitting  of 
easy  and  rapid  reference. 

IV. — Epidemic  and  Epizootic  Diseases  :  their  History  and  Pro- 
pagation, with  the  Measures  for  Disinfection. 

V. — Hygiene — Military,  Naval,  Private,  Public,  Scroou 

*'The  work  now  offered  to  the  public  aims  at  filling  a  vacant  place  in  En^fiA 
•anitary  literature,  namely,  that  of  a  book  of  reference  which,  in  one  volume  oi  coo- 
venient  sice,  thall  contain  the  information  on  sanitary  topics  at  present  only  to  be 
gathered  from  the  perusal  of  many  se|Mirate  and  distinct  treatisca.  It  is  noc  at- 
tended solely  and  entirely  for  any  particular  class.  Sanitatioo  as  imperial — it  con- 
cerns every  living  unit  of  the  Mate,  and  is  of  equal  value  to  all.  ThercJoffc, 
although  the  special  wants  of  the  practical  hygienist— the  medical  officer  of  health 


and  public  analyst — have  naturally  claimed  the  first  place,  and  received  the  attention 
whicn  their  importance  demands,  the  author  has  throughout  endeavoured  to  render 
intelligible  to  non-professional  readers  also,  every  tutgect  tiUGeptiUe  <^  tnch  treat- 
meat*  —Extract  from  Author**  Pnfac*, 


Opinions  of  the  Press. 

"  The  articles  on  Food  and  its  Adulterations  are  good,  the  mo«t  recent  

of  examination  being  given,  and  the  chemical  processes  well  described.** — LmmetL 

"Avery  important  Treatise  ...  an  examination  of  its  contents  aatiaftcsM 
that  it  is  a  work  which  should  be  highly  appreciated."— Jif«tf»co-CA»rMrg^tcn/  Remtm, 

"  A  work  that  must  have  entailed  a  vast  amount  of  labour  and  reaearch. 
Will  be  found  of  extreme  value  to  all  who  are  specially  intarested  in  Sanitation.  *It 
is  more  than  probable  that  it  will  become  a  Standaro  Work  im  Hroixnx  ami» 
Public  Hbalth.**— JfM<icai  Times  and  Gasetti. 

*'Mr.  Blyth  has  ably  filled  a  void  in  British  Sanitaxv  Uteratnrv.  .  .  .  This 
Standard  Work  .  .  .  indispensible  (or  all  who  are  mtereated  an  PubUc-IlMltk 
matters,  and  for  all  Public  Libraries.**— P«^/»f  Health. 

*'  Contains  a  rreat  mass  of  information  of  easy  referenon  ...  a  compilation 
carefully  made  from  the  best  sources.  Many  of  the  artidet  an  rtxy  iwwwi  "— c— .;_ 
Urv  Record. 

"We  can  cordially  recommend  it  as  a  book  of  referencn  to  all  persona  interval^ 
in  .SaniuUon."-/«i»a»  Medical  Gazette.  "^  iweretieo 

BLYTH  (A.  Wynter,  M.R.C.S.,  F.CS.)  :  A  MA- 

NUAL  of  practical  chemistry,  applied  to  the  AnalytU  of 
Foods  and  DtltclKotv  ol  Vqw^ta«    Cxovia  8vo.    {In  Prfparatiom). 


SCIENTIFIC  PUBLICATIONS.  ii 

THE    CIRCLE    OF   THE  SCIENCES: 

A     SERIES     OF     POPULAR    TREATISES 

O.N    THE    NATURAL    AND    PHYSICAL     SCIENCES, 

Atio  THEIR  Applications. 

Professors  Owen,  Ansted,  Youno  and  TeMNAMT ;  Drs.  LATiitu,  EnwAiD 

Smith,  Scoffirn,  Bushnan  and  Brunnek;  Messn.  Mitcheli.,  TwisoBN, 

Dallas,  Gor£,  Iurav,  Maktih,  Sfaklinu,  «nel  oDien. 


Vol.  I.— organic    NATURE— P»rt  I.   AnLm«l  and  VegeUWe  Phy^- 

olugy;   (he  Skdeion  and  the  Teelh ;   Varieties  of  the  Human  Race, 

by  fri^rcuor  Owen,  Dr.  Latham,  and  Dr.  Bueknah. 

Vol.  a.— organic    NATURE.— Part    II,    Struclural   and    Syile: 

Botany,  and  Natural  HialoTy  of  the  Animal  Kingdom,  Invettebiaud 
Animals;  by  Dr.  Eoward  Smith  and  William  S.  Dallas,  F.L  " 
Vol.  j.— ORGANIC  NATURE.-Pait  HI.  Natural  History  of  the 
Animal  Kingdom,  Vertebrated  Animals:  by  William  S.  Dali.as, 
F.L.S. 

Vol.  4.— INORGANIC  NATURE.— Geology  and   Physical   Geography 

Cryttallogiaphy  1  Mineralogy;  Meteorology,  and  Atmospheric  Pheao- 

inena,   by   Piofeisor    AnijtkI),   Rev.   W.  Mitchell,  M.A.,  ProG^MOt 

TehNant,   and   Dr.   ScofferN. 

.     Vol.   5.— PRACTICAL    ASTRONOMY,   NAVIGATION.   AND    NAU- 

M         TICAL  ASTRONOMY,  by   Huou   Breem.   Greenwich  Obiervatoiy, 

^^      Profeasot  YouNO,  and  E.  J.  Lowk,  F.R.A.S. 

^fetoL.  6.— ELEMENTARY    CHEMISTRY.—Thc     Imponderable  AgcQU 
^F"     and  Inorganic  Bodies,  by  John  ScorFERN,  M.D. 
Jvoi..  7.— PRACTICAL  CHEMISTRY.— Monographsjon    Electro- Metal- 
*r  lurgy;    'ii^  Photographic  Art;   Chemistry  of  Vaoi  and   us  Adulieni. 

JF  lions;    and    Anificiai  Light;    by  George   Goas,  Birmingham,  Jons 

3  ScorreKN.  M.D.,  Dr.  Edward  Brohmcr,  Bradford.  Marcvs  Sfahliko, 

5  aodJoHSM.RTlK. 

Vol.  8.— MATHEMATICAL    SCIENCE.— Philosophy    of    ArithmeHc; 
^  Aleebra  and  its  Solution! ;   Plane  Geometry;  Lo^aiilhms;  piaoe  and 

^  Spherical  Trigonometry  I  Mensuration  and   Practical  Geometry,  with 

ruse  of  Instruments,  by  Prof.  Youno,  Rev.  J.  F.  Twisdeh,  M.A.,  Sand- 
hurst College,  and  Alexander  Jardine.  C.E. 
.  9.— MECHANICAL  PHILOSOPHY.— The  Properties  of  Matter, 
Elementary  Sulici;  Dynamics;  Hydrostatics;  Hydrodynamics;  Pneu- 
in*lics;  Practical  Mechanics;  and  the  Sleam  Engine,  by  the  Rev, 
Wai,ti.r  Mitchell,  M.A.,  ].  R.  Youno,  and  John  Ihrav. 
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THE  CIRCLE  OF  THE  SCIENCES, 

In  Separate  Treatises.    Cloth. 


K.  An«tbd*8  Geology  and  Pfcysical  Geogrmpliy   .. 

s.  BRBBii*s  Pfactical  Afltronony 

3.  BRONNBRand  ScoFFBRN^sChenristryof  Pood  and  Diet   . 

4.  Bushnan's  Physiology  of  Animal  and  Vegetable  Liie    . 

5.  GoRB*s  Theory  and  Practice  of  Electro- Deposition 

6.  IiiRAY*8  Practical  Mechanics 

7.  Jardinb*s  Practical  Geometry 

8.  Latham's  Varieties  of  the  Human  Species     • 

9.  Mitchell  &  Tbnnamt**  CrystaUography  &.  Biineralogy 
xo.  MiTCHBLL*s  Properties  of  Matter  and  £lenien±ary  Statics 
zx.  OwBN*s  Principal  Forms  of  the  Skelctoa  wstkd  tbe- Teeth. 

12.  Scoffern's  Chemistry  of  Light,  Heat  and  Electricity    • 

13.  Scofpern's  Chemistry  of  the  Inorganic  Bodies 

14.  Scofferm's  Chemistry  of  Artificial  Light 

15.  Scoffern  and  Lowb*s  Practical  Meteorology 

16.  Smith's  Introduction  to  Botany :  Structural  &  Systematic 

17.  T.wisdbn's  Plane  and  Spherical  Trigoncmictry 

x8.  TwisDEN  on  Logarithms 

19.  Young's  Elements  of  Algebra. 

20.  Young's  Solutions  of  Questions  in  Algebra    . 
2x.  Young's  Navigation  and  Nautical  Astronomy 

3£.  Young's  Plane  Geometry        .....,, 

23.  Young's  Simple  Arithmetic 

24.  Young's  Elementary  Dynamics      •        •        •        •        . 
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DALLAS  (W.  S.,  F.L-S.): 

A  POPULAR  HISTORY  OF  THB  ANIMAL  CREATION  :  hang 
a  Systematic  and  Popular  Description  of  the  Habits,  Strvctore  and 
Classification  of  Animals.  With  coloufed  Frontispiece  and  many 
hundred  Illustrations.     Crown  8vo.    r4oth«  8^.    New  Editkm, 


SCIENTIFIC  PUBLICATIONS. 


DOUGLASS  TELEGRAPH  CONSTRUCTION. 

Publiih/d  Kith  thi  Afprot;il  of  tkt  Oiri.tor.CiHfr.'l  vf  Ttltc'iifhi  >n  loiim. 

A  MANUAL  OF  TELEGRAPH  CONSTKUC- 

TION:  The  Mechanical  Elemcnii  nf  Kleclric  T«lcanp1i  Unzhnrifl|(. 
Foi  the  Dw  of  Telegraph  Enicincet*  uid  otlran.  By  JuUH  CHNiiirK 
DouoLAs.  Society  of  jBlegrapluc  KajtiiuKri,  EaM  InJu  Oirviiiiinanl 
Telegraph  Departmenl,  Ac.  With  nunu'tnai  UMfiuni.  Cri'Wn  fvo. 
Cluth.  bevelled.  Ij/-  ttreoiut  EJitwn,  uilh  Afftiidtttt  »»d  Crfumt 
Inin,  now  rtedy. 

GENERAL  CONTENTS. 
Part  I.— Gbnrrai-  PHtNciPi.xa  or  Stkemotii  anb 
Stability,  cornjiriiinn  the  Sucnclh  of  MatcrUUi  Iha  Oi»- 
tnbalion  of  L«ad  snd  Sire*i  in  TeUciapti  Stnuium,  Mich  M 
Pules—iimplc.  •Irutled.  Iinl,  lUVad,  aMftct,  and  If aMsd ; 
(he  Catenary,  wiih  jin<ltal'M>  a'  «■  Pumwl*  la  llM  (MM 
of  Wire*  BDil  Cabin  i  Tbaory  Of  tlw  SahMnton  c4 
Cablei,  Ac. 
Pabt  II. — Pkopbetibi  AMD  AmKAnoNi  or  Mats' 
■lAU,  OrukTiost.  Aso  MurarwMnoM.  hi«l>iiwt  llw  PM»- 
dpic*  and  Practice  of.  anl   N»»iiiial  Data  Iw,  Amc^m 
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LEAKED  (Arthur,  M.D.,  F.R.C.P.,  Senior  Phy- 

sician  to  the  Great  Northern  Hospital) : 

IMPERFECT  DIGESTION :  Its  Causes  and  Treatment.     Poet  8vo. 
Cloth,  4/6.     Sixth  Edition. 

**  It  now  constitutes  about  the  best  work  on  the  subject.** — Lancet. 

"  Dr.  Lesred  has  treated  a  most  important  subject  in  a  practical  spirit  and  popular 
manner.**— A/ r<i tea/  Ti$tus  and  Gautte. 

**  A  useful  manual  of  the  subject  upon  which  it  treats,  and  we  welcome  it  as  aa 
addition  to  our  Medical  Literature.**— X)Mfr/m  Quarterly  Journal  0/ Medical  Sciemee. 


MOFFITT   (Staff-Assistant-Surgeon    A.,    of  the 

Royal  Victoria  Hospital,  Netley) : 

A  MANUAL  OF  INSTRUCTION  FOR  ATTENDANTS  ON 
THE  SICK  AND  WOUNDED  IN  WAR.  Puhlisktd  under  tki 
sanction  of  the  National  Society  for  Aid  to  the  Sick  and  Wounded  in 
War,    With  numerous  Illustrations.     Post  8vo.    Cloth,  5/. 

"  A  work  by  a  practical  and  experienced  author.  After  an  explicit  chapter  oa  the 
Anatomy  of  the  Human  Body,  directions  are  given  concerning  bandaging,  dressing  of 
sores,  wounds,  &c.,  assistance  to  wounded  on  field  of  action,  stretchers,  mule  litters, 
ambulance,  transport,  &c.  AH  Dr.  Moffitt's  instructions  are  assisted  by  well  executed 
illustrations.** — Public  Opinion, 

"  A  well  written  volume.  Technical  language  has  been  avoided  as  much  a«  possible, 
and  ample  explanations  are  afforded  on  all  matters  on  the  uses  and  management  of 
the  Field  Hospital  Equipment  of  the  British  ArmyJ"— Standard, 


NAPIER  (James,  F.R.S.E.,  F.C.S.): 

A  MANUAL  OF  ELECTRO-METALLURGY.  With  numerous 
Illustrations.  Crown  8vo,  cloth,  7/6.  Fifth  Edition,  rexnsed  and 
enlarged, 

GENERAL    CONTENTS. 


I.— History  of  the  Art. 
II. — Description    of   Galvanic    Bat- 
teries   and    their   Respective 
Peculiarities. 
in. — Electrotype  Pkocesses. 
IV. — Bronzing. 

v.— Miscellaneous  Applications  of 
the  Process  of  Coating  with 
Copper. 


VI.— Deposition  of   Metals  npon  one 

another. 
VII.— Electro-Platixo. 
VIII.— Electro-Gilding. 
IX. — Results  of  Expbrimsnts  on  the 
Deposition  of  other  Mbtals  ss 
Coatings. 
X.— Theoretical  Obsbrvaticks. 


"A  work  that  has  become  an  established  authority  on  Electro- Metallargy.  an  art 
which  has  been  of  immense  use  to  the  Manufacturer  in  economising  the  quantity  cf 

the  precious  metals  absot  bed,  and  in  extending  the  sale  of  A  rt  Mamujeuturrs 

We  can  heartily  commend  the  work  as  a  valuable  handbook  on  the  subject  00  wbidi 
it  treats."— Jo«r«a/  0/  Applied  Science, 

"The  fact  of  Mr.  Napier's  Treatise  having  reached  a  rirrn   rditiom  is  gcoi 

evidence  of  an  appreciation  of  the  Author's  mode  of  treating  his  sufafect A 

very  useful  and  practical  little  Manual.'*— iro*i. 

"  The  Fifth  Edition  has  all  the  advantages  of  a  new  work,  and  of  a  proved  and  tried 
friend.  Mr.  Napier  is  well-known  for  the  carefulness  and  accuracy  with  which  he  wxitf* 
.  .  .  there  is  a  thoroughness  in  the  handling  of  the  subject  which  is  far  from  grnrr:.: 
in  these  days  .  .  .  The  work  is  one  of  those  which,  besides  supplying  firat-claas 
information,  are  calculated  to  inspire  inventioo.''— JnvcMcr  and  WaUkmaMer, 
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NAPIER  Games,  F.R.S.E.,  F.C.S.) : 

A  MANUAL  OK  THE  ART  OF   DYEINO  AKD 
CEIPTS.     Ulu<ilrated  bv  Diagiami  and  Numcnnia  SpedMMN 
"      m.  Silk,  and  Woollen  F»brici.      Demy  Svo.,  dodl,  «/- 
lun,  tkormgh.'y  nciud  and  griallj/  inlargli. 
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GENERAL    CONTENTS: 
Past  I^HEAT  AND  LIGHT: 

Tbcit  cfTccu  upon  Culour*.  anil  the  chaagn  Atj  ftatmt»  k 
many  Dyeing  Opriiljoni. 
PABTIL-ACOSXISE  SYSTEM  OF CHEMISTRy.w««i.7«j^ 
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PHILLIPS  (J.  Arthur,M.  Inst.  C.E.,F.C.S.,F.G.S., 

Ancicn  Elevc  de  I'fecole  des  Mines,  Paris) : 

ELEMENTS  OF  METALLURGY:  A  Practical  Treatise  on  the 
Art  of  Extracting  Metals  from  their  Ores.  With  over  two  hundred  11- 
lustrations,  many  of  which  have  been  reduced  from  Working  Drawings. 
Royal  8vo,  764  pages,  cloth,  34/- 

GENERAL  CONTENTS : 

L— A  Treatise  on  Fuels  and  RBpaAcroay  Materials. 

U.--A  Description  of  the  principal  Mbtallipbbous  Minerals,  with 
their  Distribution. 

IIL — Statistics  of  the  amount  of  each  Metal  annually  produced 
throughout  the  World,  obtained  from  official  sources,  or, 
where  this  has  not  been  practicable,  from  authentic  private 
infonnati«n. 

IV. — The  Methods  of  Assaying  the  different  Ores,  together  with 

the    PjK>€B£iSB8  of  METALLURGICAL  TREATMENT,  comprising: 

Iron,  Cobalt,  Nickel,  Aluminium,  Copper,  Tin,  Antimony, 
Arsenic,  Zinc,  Mercury,  Bismuth,  Lead,  Silver,  Gold 
and  Platinum. 

"In  this  most  lucful  and  handsome  volume  Mr.  Phillips  has  condensed  a  Ur^ 

amount  of  valuable  practical  knowledge We  have  not  only  the  results  of  sctentitic 

inquiry  most  cautiously  set  forth,  but  the  experiences  of  a  thoro«(j^ly  practical  man, 
very  clearly  gvven." — Aikeiutum. 

"  For  twenty  years  the  learned  author,  who  might  well  have  retired  with  bonccr 
on  account  of  his  acknowledged  success  and  high  character  as  an  authority  in  Metal- 
lurgy, has  been  making  notes,  both  as  a  Mining  Engineer  and  a  practical  Metallurgist, 
and  devoting  the  most  valuable  portion  of  his  time  to  the  accumulation  ol  materials 
for  this,  his  Masterpiece.  There  can  be  no  possible  doubt  that  '  Elements  of  Metal- 
lurgy' will  be  eagerly  sought  for  by  Students  in  Science  and  Art,  as  well  as  by  Practi- 
cal Workers  in  Metals Two  hundred  and  fifty  pages  are  devoted  exclusively  to 

the  Metallurgy  of  Iron,  in  which  every  process  of  manufacture  is  treated,  and  the 
latest  improvements  accurately  detailed.  —Coi/»^ry  Guardian. 

"  The  value  of  this  work  is  almost  inestimable.    There CAn  be  no  qacstioo  that  the 

amount  of  time  and  labour  bestowed  on  it  is  enormous There  is  certainl)  co 

Metallurgical  Treatise  in  the  language  calculated  to  prore  of  tuch  general  utility  to 
the  Student  really  seeking  sound  practical  information  upon  the  subject,  and  rone 
which  gives  greater  evidence  of  the  extensive  metallurgical  knowledge  of  iu  author." 
— Mining  Journal. 


PORTER  :     (Surgeon-Major   J.    H.,    Assistant- 

Profcssor  of  Military  Surgery  in  the  Anny  Medical  School,  Hon.  Assoc 
of  the  Order  of  St.  John  of  JerusaJem) : 

THE  SURGEON'S  POCKET-BOOK :  An  Essay  on  the  Best  Treat- 
inent  of  the  Wounded  in  War ;  for  which  a  Prise  was  awarded  by  Her 
Majesty  the  Empress  of  Germany.  Specially  adapted  to  the  Public 
Medical  Services.     With  numerous  Illustrations,  i6nio,  roan,  7  6. 

"Just  such  a  work  as  has  long  been  wanted,  in  which  men  placed  in  a  Dovd 
position,  can  And  out  quicklv  what  is  best  to  be  done.  Wctlroofl^reccmnieBd  it  I* 
every  officer  in  the  Public  Medical  Services."— Pr«r/i/fOii#r. 

"  A  complete  vade  mecum  to  guide  the  military  surfeMi  ia  tW  §midJ*-^Brtiitk 
Medical  Journal. 

"  A  capital  little  book  .  .  .  of  the  ipratect  practical  value.  .  .  .  A  sorgeoo 
with  this  Manual  in  hia  pocket  bocomM  a  man  «  resoarac  at  mnouJ^'-WtaimnHSter 
Review. 


SCIENTIFIC 
W.  J.  MACQDOEN  EANKHfE,   CX.,  LL.D.,  F^.S., 

L*le  Ucfiui  t'lDltuo'  dI  Civil  trimccini  .d  i1i<  Usomllr  ol  Olucuo 


I.— RANKINE  (Prof.):  APPLIED  MECHANICS 

(A  Manail  of) :  compriting  Ihe  Principio  of  Slatka  and  Ciatnatics. 
uid  Theory  of  Stnictuin.  Mech>ni>m  ud  MacbloM.  Witit  MBctoM 
DisLjctami.     Reviud  by  E.  F.  BAuna.C.E.    CrawaSnw    Clptfc,ii,4. 

II.— RANKINE  (Prof):  CIVIL  ENGINEERING 

(A  Uuiiu)  of) :  compriftinc  EnKioeeriac  Survey  Eankowfc,  FoMldS' 
tiDiu,  Muoary,  CarpeaUy,  Mcul-wirt.  RomU,  B«i>g»yi.  Cainll. 
Rn«n,  Wsw-woU.  HaitaKHK.  Ac  Wilt  ■■■ueui  TaMM  —d  IDw*. 
iiUMiin.      Rcvued  by  E-  F.  B«MM>.  CA     Civw«  •vob     Oalfe,  ••/- 


■  •«[>& 
in— RANKINE  (Prof.):     MACHINERY  AND 

MILL  WORK  (A  Hunul  Uu  OBMirtMn  ite  Quimi).  II Mia— . 
Work,  Sm^tl^  CoaauvctMH,  afl4  OljaeM  of  "  "■  Ac  IOM' 
tmcd  witk  ocarijr  yn  WmdcMa.  Bcnavd  kv  E.  F.  !!*■■■■.  C^ 
Cre*w»»o.    Cloii.li*.     rfarrf  C4M«—.        . 

■wdHHlkn*!    linaa»ilM»»>»»teBMi«»^lM^— yw^— ■•— nn 

IV.— RANKINE  (Prof.):  The  STEAll  ENGINE 

aad  OTHER   PRIME  MOVERS  (A  MmuI  «<>.      W«     ' 
at   tbc    HechBo^JPn^tftia    of    Sm».    m^tmmt    1 

v.— RANKINE  (ProC):     USEFUL  RULES  a 

TABLES.     F«  AnMacu.  BiKwi.  Caf^HMn.  Ca^Mid^ 
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SHELTON  (W.  Vincent,  Foreman  to  the  Impenal 

Ottoman  Gun-Factories,  Constantinople). 

THE  MECHANIC'S  GUIDE:  A  Hand-book  for  Engineers  and 
Artizans.  With  Copious  Tables  and  Valuable  Recipes  for  Practical 
Use.  Illustrated.    Crown  8vo,  cloth,  7/6. 

GENERAL  CONTENTS: 


Part      I. — Arithmetic. 

Part    II. — Geometry. 

Part  III. — Mensuration. 

Part  IV. — ^Velocities  in  Boring 
and  Wheel-Gearing. 


Part  V.— Wheel  and  Screw- 
Cutting. 

Part  VI. — Miscellaneous  Sub- 
jects. 

Part    VII. — The  Steam-Engine. 

Part  VIII.— The  Locomotive. 


*  The  Mechanic's  Guidb  will  answer  its  purpose  as  completely  as  a  whole  serka 

of  elaborate  text-books." — Mining  Journal. 

"  Ought  to  have  a  place  on  the  bookshelf  of  every  mechanic.** — Iron, 

"  Much  instruction  is  here  given  without  pedantry  or  pretension.** — Builder. 

"  A  sine  qud  non  to  every  practical  Mechanic.*' — Railway  Service  Gazette, 

***  This  Work  is  specially  intended  for  Self-Teachers, and  plac^  before  the  Reader 

a  concise  and  simple  explanation  of  General  Principles,  together  with  Ulostratioas  of 

their  adaptation  to  Practical  Purposes. 


THOMSON  (Spencer, M.D.,L.R.C.S., Edinburgh): 

A  DICTIONARY  of  DOMESTIC  MEDICINE  and  HOUSEHOLD 
SU  RGERY.  Thoroughly  revised  and  brought  down  to  the  present  state 
of  Medical  Science.  With  an  additional  chapter  on  the  Management 
of  the  Sick  Room ;  and  Hints  for  the  Diet  and  Comfort  of  Invalids^ 
Many  Illustrations.  Demy  8vo,  750  pages.  Cloth,  8y  6.  Thirtetntk 
Edition, 

"The  best  and  safest  book  on  Domestic  Medicine  and  Household  Sorgefy  which 
has  yet  appeared."— LoM<<on  Journal  oj  Medicine. 

"  Dr.  Thomson  has  fully  succeeded  in  conveying  to  the  public  a  Taat  amoont  of 
useful  professional  knowledge." — Dublin  Journal  of  Medical  Science. 

"  Worth  its  weight  in  gold  to  families  and  the  clergy.**— Oi/or<<  Herald, 


WYLDE  (James,  formerly   Lecturer  on   Natural 

Philosophy  at  the  Polytechnic): 

THE  MAGIC  OF  SCIENCE:  A  Manual  of  Easy  and  Amusin* 
Scientific  Experiments.  With  Steel  Portrait  of  Faraday  and  many 
liundred  Engravings.     Crown  8vo.     Cloth  gilt,  and  gilt  edges,  5/.    Third 

Edition. 

"  Of  priceless  value  to  furnish  work  for  idle  hands  durinf  the  holidays.  A 
thousand  mysteries  of  Modern  Science  are  here  unfolded.  We  Team  bow  to  make 
Oxygen  Gas,  how  to  construct  a  Galvanic  Eattery,  how  to  gild  a  Medal  by  Electro- 

Plating,  or  to  reproduce  one  by  Electrotypin^,  how  to  make  a  Microscope  or  uke  a 
hotograph,  while  the  elements  of  Mechanics  are  explained  so  simply  aad  dearly 
that  the  most  unmechanical  of  minds  must  understand  them.  SuKcb  a  work  is 
deserving  of  the  highest  praise."— JAr  Graphic. 


"To  those  who  need  to  be  allured  into  the  paths  of  natural  science,  by  w.....^..^ 
the  wonderful  results  that  can  be  produced  by  well-contrived  experiments,  «•  do  aot 
Jmow  that  we  coa\d  recommend  s  more  usefuf  volume.'*— i</Ani4 


EDUCATIONAL  PUBLICATIONS. 


Educational  V/orks. 


BRYCE    (Archibald    Hamilton,   D.C.L.,    LL.D., 

Senior  ClaBiical  MotJEiaior  in  the  Univeriicy  of  Dublin) : 

VIRGILII  OPERA.  Tent  from  Hevne  and  Wagnjr.  En^iih 
Ndicb.  Drigmal,  and  selecied  from  the  leading  Genran,  American 
and  English  Com  men  ta  lore.  Illustration!  from  the  antique.  Com- 
plete in  One  Volume,  fcap.  Svo..  cloth.  6/-     Tatlfth  Edition. 

Or,  in  Three  Parts  : 

Parti.      BucoucsandGEORcics         ..         ..  a/6 

Parlll.     The  yENEio.  Booksl.— VI 2/6 

Part  HI.  The  JEkiho,  Books  VII.—XIl.         ..  a/6 
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COBBETT  (William):    ENGLISH  GRAMMAR 

in  a  Seties  of  Letters,  intended  for  the  use  of  Schools  and  Young  Per- 
sons in  general.  With  an  additional  Chapter  on  Pronuiictaliori,D]' the 
Authors  Son,  Jambs  Paul  Cobbett.  Fcap.  8vo.  Cloth,  1/6.  (TA* 
only  totrtct  and  authorittd  Edilion), 

••  A  new  snd  chtipcned  tdllion  dI  Ihsl  rimi  tiCEllent  of  ill  Eniliih  Crstninirs. 
Williim  CDbbcll'i.    ll  conuim  new  CDpjrisht  maiicf ,  ••  wtlJ  u  >i»[<>i!t<  Iba  mially 


COBBETT  (William) :  A  FRENCH  GRAMMAR. 

Fcap.  8vo.    Cloth,  3/6.     Fi/lttnth  EdilioH. 

■"  Cebbfll'i  Fnnch  Qnmnisr' coma  dul  with  pcrenniil  hiihntai.    Then  sia 


|ily  Qiiid  on 


COBBETT   (James   Paul):    A   LATIN   GRAM- 

MAR.     Fcap.  8vo.    Cloth,  i/- 

COLERIDGE  (Samuel 

TION  ON  THE  SCIENCE  <  .      .      , 

folitana.i    With « Syoopsii.    CrawnSvo.    C\oCb,a|-    timtkE^Xur^. 


Taylor)  :   A  DISSERTA- 

>F  METHOD.     (BntftMadia  Uc(t<w 
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CRAIK'S  ENGLISH  LITERATURE. 

COMPENDIOUS  HISTORY  OP  ENGLISH  LITERATURE  AND 
OF  THE  ENGLISH  LANGUAGE  from  the  Norman  Cooqoetf- 
With  numerous  specimens.  By  George  Lillie  Craik,  LL.D.,  late 
Professor  of  History  and  English  Literature,  Queen's  College,  Belfast 
In  two  vols.  Royal  8vo.  Handsomely  bound  in  cloth,  35/-;  full  calf, 
gilt  edges,  37/^    N€W  Edition, 

G£N  ERAL      CONTENTS. 
Introductory. 
I. — The  Norman  Period — The  Conquest. 

II. — Second  ENCusH^ommonly  called  Semi-Smxon. 

III. — Third  English— Mixed,  or  Compound  English. 

IV. — Middle  and  Latter  Part  op  the  Sbventbbnth  CEMTUtr. 

.  v.— The  Century  between  tub  English  Rbvolutxom  andtbi 
French  Revolution. 

VI. — The  Latter  Part  of  the  Fighteenth  Cbntubt. 

VII. — The  Nineteenth  Century:  (a)   The    Last   Agb  of   thi 


(6)  Tbb  Victorian  Age. 
With  numerous  Excerpts  and  S^eimens  of  StyU. 

*'  Anyone  who  will  uke  the  trouble  to  ascertain  the  <act,  wiH  find  bow  completely 
even  our  great  poets  and  other  writers  of  the  last  generation  have  already  taded  firoa 
the  view  of  the  present  with  the  must  numerous  class  of  the  educated  and  rcatMC 
public.    Scarcely  anything  is  generall>  read  except  the  pnblications  of  the  day.    Yit 

NOTHINO   IS   MOKE   CERTAIN    THAN  THAT  NO  TRUE  CULTIVATION  CAM  BK  SO  ACOt'lttft. 

This  is  the  extreme  case  of  that  entire  ignorance  of  history  which  has  be«a  amnned, 

not  with  more  point  than  truth,  to  leave  a  person  ahvayt  a  child 

*'  The  present  work  combines  the  History  or  thb  LiraitAroRS  with  the  His- 
tory OP  THE  Langi'agr.  The  scheme  of  the  course  and  revolatioas  ol  the  Las- 
guage  which  is  followed  here  is  extremely  simple,  and  resting  not  upon  arbitrary,  bat 
upon  natural  or  real  distinctions,  gives  us  the  only  view  of  tke  aufa^cct  that  can  daia 
t*  be  regarded  as  of  a  scientific  character. "~£;KlnM< /roan  tkeAuiJkor'M  Prt/mc*, 

**  Professor  Craik's  book  going,  as  it  docs,  througb  the  whole  hastorY  of  thtc  laagaaft. 
probably  takes  a  place  ^uite  by  itself.  The  great  value  of  the  book  ia  its  tlioro%q(k 
comprehensiveness.  It  is  always  clear  and  straightforward,  and  deaia  not  in  theocics 
but  in  facts." — Saturday  Rcvitw. 

CRAIK   (Prof.):    A   MANUAL   OF    ENGLISH 

LITERATURE,  for  the  Use  of  Colleges,  Schools  and  Civil  Service 
Examinations.  Selected  from  the  largier  >wtx-k,  by  Dr.  Ckaik.  Cro^n 
8vo.     Cloth,  7/6.     Seventh  Edition, 

'*  A  Manual  oif  English  Licerstnrc  from  wcKptrtoBcad  nad  ««S-f«nd  a  scholar  u 
Professor  Craik  needs  no  other  recommendation  than  the  mcntioa  of  its  existence."— 
Spectator. 

"  This  aogmented  effort  will  be,  we  doebenot,  iccel^td  witb  decided  apfwebatitv 
by  those  who  are  entitled  to  judge,  and  studied  with  much  prc»fit  by  thonc  who  vaet  to 

learn If  oar  young  readers  will  give  healthy  perusal  to  Or.  Crmikls  work,  they 

will  greatly  benent  by  the  wide  and  aound  view*  be  has  placad  baiMV  tbrts-"* 
Atheneeutn. 

CRUTTWELL     (Charles     Thomas,    M.A.) :    A 

HANDBOOK  OF  SPECIMENS  OF  LATIN  AUTHORS  (Prwc- 
Writers  and  Poets)  from  the  Earliest  Period  to  the  Latest,  chanocAo^- 
cally  arranged.     Crown  8vo.     (/n  Pr^fmreUicm), 
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CUUTTWELL  (Charles  Thomas,   M.A.,   Fellow 

of  Ucnon  College.  Oicfoid  ;  Head  Master  o[  BradJield  College) : 

A  HISTORY  OF  ROMAN  LITERATURE,  from  the  Eafliesl 
Period  lo  the  Times  of  the  Anionines.  With  CH«ONOLoercAL  Tables 
and  TssT-QuRSTioMs.  Ibr  the  Use  of  Siudenis  piepanng  for  Eumina- 
tions.     Crown  8vo.,  Cloth,  S;6.     Suond  Edilioi. 


CURRIE  Goseph,  formerly  Head  Classical  Master 

of  Glasguw  Academyt : 

HORATII  OPERA.  Text  From  Orsllius.  Eni;l'>hNo(eii,(n>f;ina]. 
and  soiecled  from  the  best  CommenlBtors.  IlliiiilTaiuiiM  &Qra  the  an- 
tique.   Complete  in  One  Volume,  fcap.  Hvo.,  cloth,  j,'- 


Or.  id 


a  Parti; 


ind  Hpi! 


■-0«ri.rlyjD«. 


.io/E'«- 


I 


CURRIE    (Joseph):      EXTRACTS     FROM 

CvESAR'S  COMMENTARIES;  cDnuinmg  his  docriptioo  of  Gaul, 
Britain  and  Germany.  With  Notes,  Vocabulary,  4c.  Adapted  for 
Young  Scholats.     i8mo.    Cloth,  i, 6.    Fotrth  Edition. 

D'ORSEY  (Rev.  Alex,  J,  D,,  B.D.,  of  Corpus  Chnsti 

Coil.,  Cambridge.  Lecturer  at  King'i  Coil  ,  London) ; 

SPELLING  BY  DlCTATrON:  ProEres.ive  Exerci.H  in  Englifih 
Orthographv,  for  Schools  and  Civil  Service  Eiamination*.  iHmo. 
Cloth,  I/.    'PifUmlh  rhoi,%a»d. 

FLEMING    (William,    D,D.,   late    Professor    of 

Moral  Philonophy  in  ihe  Univrraily  of  GUkcow) : 

THE  VOCABULARY  OF  PHILOSOPHY:  M«st*i.,  Mo«al. 
*-tD  Mrtaphvsjcai..  With  Quotalioni  and  Refrrrncei  for  Ihe  Uk  of 
SmdentB.  Revised  andEdited  by  Hinsv  CAi.ntawoon,  LL.U..  P(»- 
feiaor  of  Moral  PhiioBophy  in  the  University  of  Edinburgh.  Ciown 
Bvo.     Clolh  bevelled,  io.6.     Third   EJitiaa.  fHtargid. 


I  to  ■ninv  who  ban  laic 


n  a  prcJonrHl  acid  uti 
tncuHiD  philowiMf  5ti 


stiait*.'— ivh*!/  x»mw. 
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McBURNEY  (Isaiah,  LL.D.):    EXTRACTS 

FROM  OVID'S  METAMORPHOSES.  With  Notes.  Vocabulary,  Ac. 
Adapted  for  Young  Scholars.    i8mo.    Cloth,  i/6.     Third  Edition. 

COBBIN'S    MANGNALL: 

MANGNALL'S  HISTORICAL  AND  MISCEL- 
LANEOUS QUESTIONS,  for  the  Use  of  Young  People.  By  Richmal 
Mangnall.  Greatly  enlarged  and  corrected,  and  continued  to  the  pre- 
sent time.  By  Ingram  Cobbin.  M.A.  i2mo.  Cloth  4/-  Poriy-€tghtk 
Thousand,    New  Illustrated  Edition, 

MENTAL     SCIENCE:      SAMUEL     TAYLOR 

COLERIDGE'S  CELEBRATED  ESSAY  ON  METHOD;  Aicb- 
bishop  Whatbly's  Treatises  on  Logic  and  Rhetoric.  Crown  Svo. 
Cloth,  5/.     Tenth  Edition. 


WORKS     BY    WILLIAM     RAMSAY,     M.A., 

Trinity  College,  Cambridge,  late  Professor  of  Humanity  in  the  University  of  Glasgow. 

A    MANUAL     OF     ROMAN    ANTIQUITIES. 

For  the  use  of  Advanced  Students.  With  Map,  130  Engravings, 
and  very  copious  Index.  Revised  and  enlarged,  with  an  additional 
Chapter  on  Roman  Agriculture.  Crown  8vo.  Cloth,  8/6.  Tenth  Edi- 
tion* 

GENERAL    CONTENTS. 

L — The  Typography  of  Rome. 

IL — The  Origin  of  the  Roman  People ;  their  Political  and  Social 
Organization ;  Religion ;  Kalendar ;  and  Private  Life. 

in. — General  Principles  of  the  Roman  Constitution;  the  Rights  of 
Different  Classes;  the  Roman  Law  and  Administration  of  Justice. 

IV. — The  Comitia ;  Magistrates ;  the  Senate. 

V. — Military  and  Naval  Affairs ;  Revenues ;  Weights  and  Measures; 
Coins,  &c. 

VI. — Public  Lands ;  Agrarian  Laws ;  Agriculture,  ftc. 

"Comprises  all  the  results  of  modem  improved  scholarship  within  a  moderate 
compass.— i4  thenaum , 

RAMSAY      (Prof.)  :     AN     ELEMENTARY 

MANUAL  OF  ROMAN  ANTIQUITIES.  Adapted  for  Junior 
Classes.  With  numerous  Illustrations.  Crown  8vo.  Cloth,  4/-  Sixth 
Edition, 

RAMSAY    (Prof.):    A   MANUAL    OF    LATIN 

PROSODY.  Illustrated  by  Copious  Examples  and  Critical  Remarks. 
For  the  use  of  Advanced  Students.  Revised  and  greatly  enlarged. 
Crown  8vo.     Cloth,  5/-    Sixth  Edition, 

"  There  is  no  other  work  on  the  subject  worthy  to  compete  with  it." — Atktujrum. 

RAMSAY     (Prof.)  :      AN     ELEMENTARY 

MANUAL  OY  l-Nr^V\iV  'PROSODY.  Adapted  for  Junior  Clasiei. 
Crovtn  8vo.    C\oO[v,  a|- 


--■p 
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THE    SCHOOL    BOARD    READEBS: 

A  New  Series  of  Standard  Readjsg  Books, 
Edited  by  aformer  H.M.  INSPECTOR  of  SCHOOLS. 

RsCOHlfEKDED    BY    T7IE    LoMION    ScHOOL    BOMCD. 

SALE,    190,000  COPIES. 


Et^MiKTAtT  Reading  Book.  Past  L — CootuBoc  LeMO»i   t 

in  all  the  Shoii  Vowd  Sonndc    Dem?  igMO  .  lApafis. 

In  (lis  wT>;-per       .......> 

ELSHeiiTAKy   Readikg    Book,   Pakt   tL — C«atainiB(!   dw 

LoDg  V(»-el  SouDilt  >nd  other  Blo«MqJI»klcs.    Deny 

iSmo.  42  pagn.     In  stiff  wrapper  .        .        .        .        ■ 
Staxoard  I.— Conuiniog   ReadiDg,   DictatMM,  «nd  Aii^ 

inetic.     Demjr  iSmo,  96  pagei.    Neat  doth  .        .        .    ' 
Stahhard  II. — Containing   Reidin;.   DiciaaioB  aad  AdA- 

mctic     Demy  iSmo,  tiE  pages.     NcMcloth  .         .     1 

Stamdard  in. — Containing  Reading.  Dictatiaa  aaid  Arilfc- 

■netic     Fcap.  8vo.  160  pagu.     NeU  Eloth    .  ■    1 

Stamcakd  IV. — Coniaining  Reading,  Dictaboa  taA  Aritb- 

metic.    Fcap.  gvo.  191  pagek     Neat  dath    . 
Staddako  V. — Containing   Reading,   DictMioM  Kni  Arilb- 

metic.  with  an  Eiptanation  or  tbe  Uctnc  SylUM  aad 

DDtneiciiia   Exampfea.     Crown  8vo,  ij6  pagei.    NeM 


iVI.- 


ing  Selection*  fmta  tbe  belt  Ei^i*b 


Autbon.  cbronologicalty  arranged  (Chaucer  to  Ten- 
nytoD),  Hints  on  Compotilioo.  and  LcMoni  oa  SciCA- 
Itfic  Subjectt.    Crown  Hvo,  320  pagca.    Neat  cloth 

KCV  TO  THC  QVCSTIOXS  lit   AKtTHMErtC.  ■»  IWO  pUIS,  C*dl     ' 

-"Tkccncnl  cmccptian  iiieocd,  and  th 

Mt  eiioioto,.__.__ 

BdSann^M'mTnBck'vkal  *c  •bniM  A^in!*— 
>■!■  ia  4BeiMlv  oh  af  tk*  ben  that  kan  vet  aaacafi 

■ -linc..koaka  nWiAid    Tk.  r" — 

___.__~.r — .(  oa  bMh  («>ar  ai>d pahbatn.      _^- „  _,. 

KBarfaa  baa  tea  wr  canfalDr  and  jadkiowlr  >itfar«*.'-gM«iaiF. 
4alai  D<  aiancr  ■  aacdlcBi.  aad^to  an  ilia  Maap*  aaf  Mrta.    W*  I 


.  -  BAck  book  o/lhii  Striti  lonlaint  wllkim  Uulf  all  (JUI  u  MrUMn  l» 
^J  Iht  ttquittiHttiit  ef  tkt  Rtriird  Codt.  ru. :  Retdimg,  SftOotf  'nd 
IMmk  Lttlcni.   legtthrr    trtili    ExtrHtri   n   Aritkmttic,  fcf  tkt  mtiatt 
^  Tktfafrr,  t/ft  and  bindine  art  ail  that  con  tf  Jairtd. 
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THE    SCHOOL    BOAiRD    MANUALS: 

(On  the  Specific  Subjects  op  the  'Revisbd  Codb). 

By  a  former  H.M.  INSPECTOR  OF  SCHOOLS. 

Editor  of  the  "  School  Board  Readers.** 

Recommended   by   the  London   School  Board,  and   used  in  MA!nr 

Schools  throughout  the  Country. 

Price  6d,  each  in  stiff  wrapper ;  cloth  neat.  yd. 

I.  ALGEBRA. — In  this  book,.which  is  adapted  to  Standards  IV., 
V.  and  VI.,  everything  is  explained  (in  accordance  with  the 
Pestalozzian  system)  up>on  first  prineipUs,  and  the  examples 
are,  as  £ar  as  possible,  taken  bmn  cencrete  nan»bers.  Abun* 
dance  of  examples  are  given,  graduated  by  easy  stages. 

II.  ENGLISH  HISTORY.—This  book  is  exactly  suited  to  the 
recjuirements  of  the  Code  for  Standards  IV.,  V.  and  VI.  the 
chief  events  of  importance  being  given  in  detail,  and  the  general 
landmarks  of  history  in  briefl    Copious  Tables  are  added. 

III.  GEOGRAPHY.— Contains  all  that  is  necessary  for  passing  ta 
Standards  IV.,  V.  and  VI. 

IV.  PHYSICAL  GEOGRAPHY.— Contents:  Figure  of  the  Eanb 
—Mountain  Systems — Ocean  Currents — Atmospheric  Phe- 
nomena— Trade  Winds — Distribution  of  Plants,  Animals,  and 
Races  of  Men,  &c. 

V.  ANIMAL  PHYSIOLOGY.^CoBUBts:  Classification  of  A ni- 
mals — the  Human  Skeleton — Bones,  Muscles,  Skin,  Hair,  and 
Nails— Digestion,  Circulation,  Respiration,  Secretion,  and  Nu- 
trition— the  Nervous  System — ^the  Senses.  Illustrated  by  good 
Engravings, 

VI.  BIBLE  HISTORY.— Contents:  Naows,  Divisionic,  and  His- 
tory of  the  Bible — Analysis  of  the  Old  sod  New  Testaments^ 
Geography  of  Palestine — Tables  of  Measures,  &c 


*.*  It  is  hoped  that  this  botk  will  pmve  mrvUmtUe  m  tkt 

study  of  the  Scriptwres.  AIL  contwawerstml  pmnts  iutwe  bten  eart- 
fully  avoided. 


"These  simple  and  well-fradiut«d  Msnual*,  sdsptfd  to  tbc  reqsifvmcsts  of  tbe 

New  Code,  are  the  roost  eieinentary  ti  eiemeotcry. works,  aod  •streok^  cheap 

They  are  more  useful,  as  practical  guade*bosla,  tkan  naoat  of  tWa  jaovc  «mrasiv« 
works."— vS/aorfarrf. 

"  The  Series  will  prove  a  very  reliable  aod  ssbaUstial  aJd  to  tlra  tsscber.  .  ■ 
The  whole  of  the  Manuals  bear  plain  evkleace  of  having  been  preMred  by  tboM 
thoroughly  conversant  practicallr  with  the  work  of  teaeluQg».Aod  of  iMvi^  bcca  re- 
vised by  one  able  to  jud^  of  the  efiiect  of  book-t«achiiig  fay  the  cracial  test  oi  itt 
results.  In  the  Bible  History  Manual  all  coatroverval  points  have  been  avoided 
and,  as  a  ground-work  and  help  to  the  study  of  the  Scriptnres,  it  as  so  be  vana^jr 
commended."— H^r5/rr»  Daily  Mercury. 

%*  Specimen  copies  supplied  to  Teachers  Mt  Half  the  PukUwked  Price  etd 
Postage,    A  Complete  Set  of  Readers  and  Manualami  raeasM  of  P.0.0. 

for  61.  id. 
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SENIOR    (Nassau  William,  M~.A.,  late  Professor  I 

o(  PoUticil  Economy  in  Ihc  UftiverBity  oS  Oxford) : 

A  TREATISE  ON  POLITICAL  ECONOMY;  ihe  Science  which  I 
treat*  of  the  Natuie,  the  Production,  and  the  DistHbulion  of  Weatlfa.  [ 
Crown  Svo.    Cloth,  4/-     SUlh  Edilion.     {Eruyelofadia  Melrofolilane) 

THOMSON    (James)  :    THE  SEASONS.     With  I 

in  Introduclion  and  Notes  bv  Robert  Bell.  Ediiot  of  the  "  Annotated 
ictics  of  Bniish  PocO."     Foolacap  8vo.     Cloih,  1,6.     Third  BiiitU 
"An  idRiiiitilc  inlmdsctiin  10  the  iludy  of  oui  Englith  clutici." 

WHATELY  (Archbishop)  :   A   TREATISE   ON  I 

LOGIC.     With  Synopsii  and  Index.    Crown  8vo.     Cloth,  3/-    The  \ 
Original  Eiiitum.      (EncycUpadia  iltlnfolitaita). 

WHATELY   (Archbishop):    A   TREATISE   ON 

RHETORIC.     With   Synopsi*  and   Index.     Ciown  8vo.    Clolh.  3/6.    ' 
The  Original  Edition.      [Encyctufadia  Uttrofolilaita). 

iVYLDE  (James):  A  MANUAL  OF  MATHE- 
MATICS, Pure  and  Applied.  Inchidine  Artthmetic,  Algebn,  Geo- 
metry, Trigonometry  (Plane  and  Spherical).  Logariibms,  Mcniuratioa, 
&c.     Super-royal  Svo.     Cloth,  tol6. 


'.*  SpitimenCifUt  of  nil  IktEducatiiHiat  Warki  UtHuiudly  Kntn, 
Chart,,  Grif&n  and  CompoHf  may  bt  »«  <U  Ik,  Liirariti  of  ih, 
CoU.f4  of  Pricptort,  SuMlh  Kmlif  Ion  M uitam,  unj  CryUal  Palatt ! 
alio  at  Ihi  dtfoli  of  tht  thitf  EJiualiunal  Sutttlui. 
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Works  in  General  Literature. 


BELL  (Robert,  Editor  of  the  "Annotated  Series  of 

British  Poets.**)  : 

GOLDEN  LEAVES  FROM  THE  WORKS  OF  THE  POETS 
AND  PAINTERS.  Illustrated  by  Sixty.four  superb  Engravings  ob 
Steel,  after  Paintings  by  David  Roberts,  Stanpirld,  Leslie,  Stot- 
HARD,  Haydon,  Cattermolb,  Nasmyth,  Sir  Thomas  Lawrence,  and 
many  others,  and  engraved  in  the  first  style  of  Art  by  Finden,  Great- 
BACH,  Light  FOOT,  &c.  4to.  Cloth  gilt,  2z/- ;  unique  walnut  biadiog, 
30/- ;  morocco  antique,  35/-    Stcond  Editum, 

"  *  Golden  Leaves '  is  by  far  the  most  important  book  of  the  •ea^on.  The  Qtetti^ 
tions  are  really  works  of  art,  and  the  volume  does  credit  to  the  arts  of  En^aai.*'- 
Saturday  Review. 

"  The  Poems  are  selected  with  taste  and  judgment.** — TtivMS. 

"  The  engravings  are  from  drawings  by  Stothard,  Newton,  Danbr,  Lcsfie,  sal 
Turner,  and  it  is  needless  to  say  how  charmmg  are  many  of  the  above  here  given.*'- 
Athenaum, 

CHRISTISON  (John):  A  COMPLETE  SYS- 
TEM OF  INTEREST  TABLES  at  3.  4,  4i  and  5  per  Cent. ;  Tablet 
of  Exchange  or  Commission,  Piofit  and  Loss,  Discount,  Clothiers*, 
Malt,  Spirit  and  various  other  useful  Tables.  To  which  is  prefixed  the 
Mercantile  Ready  Reckoner,  containing  Reckoning  Tables  from  one 
thirty-second  part  of  a  penny  to  one  pound.  Greatly  enlarged.  X2mo. 
Bound  in  leather,  4/6.    Ntw  Edition. 


THE    WORKS    OF    WILLIAM     COBBETT. 

THE  ONLY  AUTHORIZED  EDITIONS. 

COBBETT    (William):    ADVICE  TO   YOUNG 

MEN  and  (incidentally)  to  Young  Women,  in  the  Middle  and  Higher 
Ranks  of  Life.  In  a  series  of  Letters  addressed  to  a  Youth,  a  Bachelor, 
a  Lover,  a  Husband,  a  Father,  a  Citizen,  and  a  Subject.  Fcap.  Sva 
Cloth,  2/6.     New  Edition.     With  admirabU  Portrait  om  SUtL 

"  Cobbett's  great  qualities  were  immense  vigour,  resource,  energy,  and  coewftL 
joined  to  a  force  of  understanding,  a  degree  of  logical  power,  and  above  all  a  focca  off 

expression,  which  have   rarely   been  equalled .He  was  the  most  Eogbsk  of 

Englishmen."— >Sa<Mr<iay  Review. 

"  With  all  its  faults,  Cobbett's  style  is  a  continual  refreshment  to  the  lover  al 

•  English  undefiled."'— /'a/;  Mall  Gaxette. 

COBBETT  (William):  COTTAGE  ECONOMY. 

Containing  information  relative  to  the  Brewing  of  Beer,  Making  of 
Bread,  Keeping  of  Cows,  Pigs,  Bees,  Poultry,  &c.;  and  relative  to  oiher 
matters  deemed  useful  in  conducting  the  affairs  of  a  Poor  Man's  Family. 
New  Ed\uon,^ev'\^t^\i'j  xVvt  Author's  Son,  Fcap.  8vo.  Cloth,  1^ 
Eigkteenih  Edition. 


GENERAL  PUBLICATIONS.  27 

William  Cobbett's  Works — Icoitlmud). 

COBBETT  (Wm.) :   EDUCATIONAL  WORKS. 

(See  page  19). 

COBBETT  (Wm):  A  LEGACY  lo  LABOURERS; 

An  Argument  BhowinK  the  Right  of  the  Poor  to  Relief  from  tlie  Land. 
With  a  Preface  by  the  Author'*  Son.  Johk  M.  Cobbett,  late  M.P 
for  Oldham.     Fcap.  8vo.     Clolh,  t/e.    Ntv  Edition. 
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COBBETT  (Wm.)  :  A  LEGACY  to  PARSONS; 

Or.  Have  the  Clergy  ol  the  EBlabliihed  Church  an  Equiuble  Right  to 


COBBETT   (Miss   Anne):    THE   ENGLISH 

HOUSEKEEPER ;  Or.  Manual  of  Domeilic  Management.     Containing 

Advice  on  the  Conduct  of  Household  AfTain,  and  Practical  Initructioni. 
intended  (oi  the  Use  of  Young  Ladies  who  iindetuke  the  superin- 
tendeDcc  of  their  own  Houackeeping.     Fcap.  8vo.     Cloth,  3/6. 

COOK'S  VOYAGES.    VOYAGES  ROUND 

THE  WORLD,  by  Captain  Cooi.  llluiiraled  with  Map*  and  numci- 
ODi  Engravings.    Two  vols.     Super-royal  Svo.    Cloth,  30/- 


DALGAIRNS   (Mrs.):    THE    PRACTICE    OF 

COOKERY,  adapted  lo  the  buiinesi  of  Every-day  Life.  By  Mrs. 
Daluairns.  r*<  b4it  book  for  Sculcli  disktt.  About  Fifty  new  Kecipea 
have  been  added  lo  the  present  Edition,  but  only  such  at  the  AulKor 
has  had  adcmiaie  means  of  aiccitaining  to  be  valuable.  Fcap.  Svo. 
Clolh,  3/6.    Siititnth  Edition. 
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D'AUBIGNE  (Dr.  Merle) :  HISTORY  OF  THE 

REFORMATION.  With  the  Author's  latest  additions  and  a  new 
Preface.  Many  Woodcuts,  and  Twelve  Engravings  on  Suel,  iUostiative 
of  the  Life  of  Martin   Luther,  after  Laboikih&re.     In  one  large 

volume,  demy  4to.     Elegantly  bound  in  cloth,  21/- 

"  In  this  edition  the  principal  actors  and  scenes  in  the  f^eat  dnuna  of  the  Sixteenth 
Century  are  brought  vividly  before  the  eye  of  the  reader,  by  the  akill  of  the  artist  aad 
^ellKMkvtr.'' 

DONALDSON  (Joseph,  Sergeant  in  the  94th  Scots 

Begjment): 

RECOLLECTrONS     OF     THE     EVENTFUL     LIFE    OF    A 
SOLDIER    IN    THE  PENINSULA.     Fcap.  Bvo.     Ootli,  3/6;  gih 

sides  and  edges,  4/-    Piew  Editimi. 

EARTH    DELINEATED    WITH    PEN   ASTD 

PENCIL  (The):  an  Illustrated  Record  of  Voyages,  Travels,  and  Ad- 
ventures  all  round  tke  World.  Illustrated  with  more  than  Two  H«a- 
dred  Engravings  in  the  first  style  of  Art,  by -the  most  eminent  Artists, 
including  several  from  the  master  pencil  of  GoaTAVS  Oos&.  Oonj 
4to,  750  pages.    Very  handsomely  bound,  2i/- 


MRS.     ELLIS'S     CELEBRATED     ^VORKS 

On  the  Influence  and  Character  of  Women. 

THE  ENGLISHWOMAN'S  LIBRARY: 

A  Series  of  Moral  and  Descriptive  Works.     By  Mrs.  Blub.    Secdi 
8vo.,  cloth,  each  volume,  2/6  ;  with  gilt  backs  and  edflpes,  3/. 

I.— THE  WOMEN  OF  ENGLAND:   Their  Social  Duties  and 

Domestic  Habits.     Thirfy-niHtk  Thousand. 

2.--THE   DAUGHTERS   OF   ENGLAND:    Their   Position   in 

Society,  Character,  and  Responsibilities.    TwentUtk  Thousand. 

3.~THE  WIVES  OF  ENGLAND:  Their  Relative  Dsues, 
Domestic  Influence,  and  Social  Obligations.  EtghU^ntk  Thorn- 
sand. 

4.— THE  MOTHERS  OF  ENGLAND:  Their  Influence  and  Kc- 

sponsibilities.     Twentieth  Thousand. 

5.— FAMILY  SECRETS;  Or,  Hints  to  make  Home  Happy.  Thief 
vols.     Twenty-third  Thousand. 

6.— SUMMER  AND  WINTER  IN  THE   PYRENEES.     Temtk 

Thousand. 

7.— TEMPER      AND      TEMPERAMENT;      Or,    Varieties    of 

Character.     Two  vols.     Tenth  Thousand, 

8.--PREVENTION  BETTER  THAN   CURE;    Or,  The  Moral 
Wants  of  the  World  we  live  in.     Twtlftk  Thou$m^ 

9.— HEARTS  AND  HOMES;    Or,  Social  Distiactaoas.    Thies 
vo\a.    T  eniK  T  Koujoiwi. 
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THE     EMERALD    SEKIES     OF 
STANDARD    AUTHORS. 

mustraled  by  En(rtBvia)[S  on  Steel,  a/tcr  S' 

BERTS.  StANFICLD,  Sst  ThOUA&    LaWHIS> 

Svu.     Clalh  gill. 

*.*  PiTlicoln  ■nention  ii  r«ueilc4  ID  Ibti  •C17  bnuliful  aerici.    Th<  itliaicy  of 
■he  cnfiavingi,  Ihc  cicilJsnca  uf  ibc  i)>pDera)ib)r,  uid  Ihr  qumal  antiiiu*  hswl  ■«]  iiij- 

BURNS'    (Robert)    SONGS   AND    BALLADS. 

With  an  Iniroduclion  on  ihe  Chatacter  and  Genius  of  Burns.  By 
Thomas  Carlvle.  CareruJIy  primed  in  aniique  type,  and  illustrated 
with  Puitiail  and  beaulilul  Engravings  on  SicgI.  Cloth,  gilt  edges,  3/- 
malachile,  lo/G.     Stiond  Thuuiand, 

BYRON    (Lord)  :    CHILDE    HAROLD'S    PIL- 

GKIMAGE,  With  Memoir  by  Proressor  SPAroiNO.  llluslrated  with 
Portrait  and  EnKiavings  on  Steel  by  Grbatsach,  Mi(,LeN.  LiOM-rFoar, 
Ac.  from  Paiatinm  by  CATTEiiMol.e,  Sir  T.  Lawrence.  H.  Howahc, 
and  SroiKABi).  Beautifully  printed  on  toned  paper.  Cluth,giltedget, 
]/- 1  inalaiihite,  10/6.     Thad  TkuusanJ. 

CAMPBELL    (Thomas)  :    THE    PLEASURES 

OP  HOPE.  With  Introductory  Memoir  by  iho  Rev.  Charles  Roobis, 
LL.D.,  and  several  Poerr—  r.cver  before  published.  Ulustiated  with 
Portrait  and  Steel  Engravinga.  Cloth,  gilt  edges,  3/- ;  malachite,  10/G. 
Silfnd  Thousand. 

CHATTERTON'S(Thos.)  POETICAL  WORKS. 

With  an  Orittiual  Memoir  by  PusjiEaicK  Martin,  and  Porirail.  Beau- 
tifutly  iiluiiralcd  on  Sieel.  and  elegantly  printed.  Cloth,  gilt  edges. 
3/-;  malachite.  10,6.     Fvurlh  Tkausand. 

GOLDSMITH'S  (Oliver;   POETICAL  WORKS. 

With  Memoir  by  Profeisot  Si-aldino.  ExquiMlely  illustrated  with 
Steel  Engravings.  Printed  on  aupeitor  tfinod  paper.  Cloth,  gili  edges, 
3/- ;  tnaiachile,  lo/G.     AVa  LdiUuH.     S/tiXA  Tkotuand. 

GRAY'S  (Thomas)  POETICAL  WORKS.     With 

Life  by  the  Rev.  John  Mitfukd,  and  Esiay  by  the  Eakl  orCaRLISLR. 
With  Portrait  and  num»ous  En^ravinga  on  Sleel  and  Wood.  Ele- 
gantly printed  on  toned  paper.  Cloth,  e>'t  C'I|;ei.  j'- 1  malachite,  iz;6. 
El^n  Edttion,  attk  thi  Latin  Pomis.     Fifth    Tkouiand. 

HERBERT'S    (George)    POETICAL    WORKS. 

With  .Memoir  by  J.  NiclKil.,  B.A..  Oion.,  Prof,  oi  English  Lilaralurc  in 
the  University  of  Olaseow.  Edited  by  CuaNUU  Cowdrh  ClaRKI, 
Antique  headings  to  each  page.  Clutli,  pitcdges,}/-  malachttB,  lo/O, 
Suand  Theitiand. 
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Thb  Emerald  Series — (fontintud). 

KEBLE  (Rev.  John) :  THE  CHRISTIAN  YEAR. 

With  Memoir  by  W.  Templb,  Portrait,  and  Eight  beautiful  Engravings 
on  Steel.  Cloth,  gilt  edges,  5/-;  morocco  elegant,  xo/6;  malachite,  12/6. 

POE'S  (Edgar  Allan)  COMPLETE  POETICAL 

WORKS.  Edited,  with  Memoir,  by  Jambs  Hannay.  Full-page  lUoi- 
trations  after  Wehnert,  Weir,  &c.  Toned  paper.  Cloth,  gilt  edg^ 
3/- ;  malachite,  10/6.    ThirUenth  Thousand. 

Other  Volutiui  in  preparation. 


FINDEN'S    FINE    ART  WORKS. 

BEAUTIES    OF   MOORE;    being   a    Series  ot 

Portraits  of  his  principal  Female  Characters,  from  Paintingrs  by  emincfll 
Artists,  engraved  in  the  highest  style  of  Art  by  Edward  Findss, 
with  a  Memoir  of  the  Poet,  and  descriptive  letter-press.  Folio.  Cloth 
gilt,  and  gilt  edges,  42/- 

DRAWING-ROOM   TABLE    BOOK    (The)  ;   a 

Series  of  31  highly- finished  Steel  Engravings,  with  descriptive  Tales  by 
Mrs.  S.  C.  Hall,  Mary  Howitt,  and  others.  Folio.  Cloth  gilt,  aai 
gilt  edges,  21/- 

GALLERY  OF  MODERN  ART  (The)  ;  a  Series 

of  31  highly-finished  Steel  Engravings,  with  descriptive  Tales  by  Mis> 
S.  C.  Hall,  Mary  Howitt,  and  others.  Folio.  Cloth  gilt,  and  gik 
edges,  21/- 


FISHER'S  READY  RECKONER.     The  best  ia 

the  world.     i8mo.    Bound,  1/6.    Niw  Edition,^ 

GILMER'S   INTEREST  TABLES:  Tables  for 

Calculation  of  Interest,  on  any  sum,  for  any  number  of  days,  at  |  x,  ti 
2,  2i,  3,  3i,  4,  4i,  5  and  6  per  Cent.  By  Robert  Gilmbr.  *  Coxrectri 
and  enlarged.     i2mo.    Roan  lettered,  5/-    Sixth  Edition. 

GOLDSMITH'S   (Oliver)    COMPLETE    POET- 

ICAL  WORKS.  With  a  Memoir  by  William  Spaldino,  A.M.,  P». 
fessor  of  Logic  and  Rhetoric  in  the  University  of  St.  Andrew's.  '  Portx^ 
and  numerous  Illustrations  on  Steel  and  Wood.  Fcap.  410.  llo< 
elaboraleV^  %\\\.,  cXoxVv,  ^l- 
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GRAEME  (Elliott)  :   BEETHOVEN  :   a  Memoir. 

Wilh  Poitrait.  Essay  (Quasi  Fantasia)  "on  theHundredlh  Anniversary 
ai  his  Blrtb,"  and  Remarks  on  the  Piar.aiortc  Sonatas,  with  hints  to 
Students.  By  Dr.  Ferdinand  HiLLEH.  of  Cologne.  Ciown  Svo.  Clolb 
gill,  elegant,  5/-     StcoHd  Edition,  sUgklly  rnlargtd. 

■■  Thii  dcnni  nd  inticDtinti  MEtnalr The  nivul.  prcllieit,  ud  mMI 

rudiblc  miclch  at  tfac  immocul  Mulei  of  Muaic.~— VhiihI  Sleivla'4. 
"  A  graciout  and  plcaunt  Msmorial  of  ttic  CcntCDmrf."—Sprilalor, 
"  This    ddighlCgl    liillc   bosk— CDOciie,    lymiuIlHtic,   laiidoat'^ilancluiltr 

■•  We  tin,  wiihool  m*[»iiron.  recommetid  ii  u  the  mMI  mutwonh/  and  ibe 

'■  A  mott  rttdjblc  volnne.  which  anghl  lo  find  •  ptue  in  Ibe  libiary  of  every 
idniiei  ol  Ihc  gi»t  loae-Pocir—Eduiluigk  Dail)  Rnicm. 

GRAEME    (Elliott)  :    A   NOVEL  WITH   TWO 

HEROES.    In  i  vols.,  post  Svo.    Cloth,  ai/.    Stcond  Edition. 


larlubLr  I001L-— 5f  Iff 


HOGARTH  :  The  Works  of  William  Hogarth,  in 

a   Series  of  One    Hundied  and  Fifty  Steel  Engravings  by  the  First 


ly  Enjliit 

KNIGHT   (Charles)  :    PICTORIAL  GALLERY 

(The)  OF  THE  USEFUL   AND   FINE  ARTS.     Illustraied  by 
crouB  beautiful  Steel  Engiavines,  and  neatly  Four  Thousand  Wood- 
its.     Two  vols.,  folio.     Cloth  gilt,  and  gilt  edges,  4»/. 

KNIGHT    (Charles)  :     PICTORIAL    MUSEUM 

|The}OF  ANIMATED  NATURE.     Illustrated  with  Four  Thousud 
Woodcuts,     Two  vols.,  folio.     Cloth  gilt,  and  gilt  edge 

IIACKEY'S  FREEMASONRY 

A  LEXICON  OF  FREEMASONRY.     Containing  a  DcfinJiii 
IS  CommuniEable  Terms,  Nolicei  of  its  Hiitoty,  Ttad 

1  Account  of  all  the  Rites  and  Mysteries  of  the  An    .  ._ 

By  Albert   G.    Mackev,   M.D..   Secretary- General   of  tbe 

Supreme  Council  of  llie  U.S.,  &<:.     Handsomely  bound  in  clolh,  j/- 


Sixtk  Bdilitm. 

•■Ot  MacsiCi  LtiicoK 


imVOMitilt 
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JALLEKY 

luBtraied  by  nu- 
rhou&and  Wood- 

MUSEUM    fl 

I  Four  Thousaad      ^^M 

.....  I 

;  a  Definition  of  ^H 
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HENRY  MAYHEWS  CELEBRATED  WORK  ON 
THE  STREET-FOLK  OF  LONDON. 

LONDON     LABOUR    AND    THE     LONDON 

POOR :  A  Cyclopaedia  of  the  Condition  and  Eaminf[{s  of  those  that 
will  work  and  those  that  cannot  work.  By  Henry  Mayhbw.  With 
many  full-page  Illustrations  from  Photographs.  In  three  vote.  DemySvo. 
Cloth,  4/6  t^ch. 

"  Every  p«i(e  of  the  work  is  fall  of  valuable  information,  laid  down  in  ao  urterestiac 
a  manner  that  the  reader  can  never  tire."— Illustrated  News, 

"  Mr.  Henry  Mayhew*B  famous  record  of  the  habits,  earning,  and  mfieriafs  ot 
the  London  poor.'*— L/qy<<'s  Weekly  London  Newspaper. 

"  This  remarkable  book,  in  which  Mr.  Mayhew  gave  the  better  claaaea  tbetr  fixst 
real  insight  into  the  habits,  modes  oi  livelihood,  and  current  of  thought  of  the  LocmIos 
poor."— r/i<  Patriot, 

The  Extra  Volume. 

LONDON     LABOUR    AND    THE    LONDON 

POOR  :  Those  that  will  n^t  work.  Comprising  the  Noo-woHcen. 
by  Henry  Mayhbw  ;  Prostitutes,  by  Bracbbridgs  Hemyno; 
Thieves,  by  John  Binny  ;  Bet^gars,  by  Andrew  Halxiday.  With 
an  Introductory  Es^^ay  on  the  Agencies  at  Present  in  Operaiioa 
in  the  Metropolis  for  the  Suppression  of  Crime  and  Vice,  by  the  Rev. 
William  Tuckniss,  B.A.,  Chaplain  to  the  Society  for  the  Rescue  of 
Young  Women  and  Children.  With  Illustrations  of  Scenes  and  Locali- 
ties.    In  one  large  vol.     Royal  8vo.     Cloth  10/6. 

"  The  work  is  full  of  interesting  matter  for  the  casual  reader,  while  tlM  philaa- 
thropist  and  the  pbiloaopher  will  find  details  of  the  greatest  import.**— C«l)^/V«u. 

Companion  Volume  to  the  above. 

THE  CRIMINAL  PRISONS  OF  LONDON,  and 

Scenes  of  Prison  Life.  By  Henry  Mayhew  and  John  Btnny.  Illus- 
trated by  nearly  two  hundred  Engraving  on  Wood,  principally  from 
Photographs.     In  one  large  vol.     Imperial  8vo.     Cloth,  lo/Cr. 

Contents  : — General  View  of  London,  its  Population,  Size  and 
Contrasts — Professional  London — Criminal  London — Pentonrille  Prison 
—The  Hulks  at  Woolwich— Millbank  Prison— The  Middlesex  House  of 
Detention — Coldbath  Fields—  The  Middlesex  House  of  Correction,  Tot- 
hill  Fields — The  Surrey  House  of  Correction,  WandswortJl^— Nc^'gaK 
— Horsemonger  Lane — Cierkenwell. 

"This  volume  concludes  Mr.  Hennr  Mayhew's  account  of  Ms  reacBrckca  into  tke 
crime  and  poverty  of  London.  The  amount  of  labour  of  one  kind  or  ochci. 
which  the  whole  series  of  his  publications  represents,  is  somcthtng  alokost  1^ 
calculable.** — Literary  Budget. 

*«*  This  celebrated  Record  of  Investigations  into  the  condition  of  the  Poor  oS  tbc 

Metropolis,  undertaken  from  philanthropic  motives  by  Mr.  Hsnmv  Mavmkw,  6rst  gavt 

the  wealthier  classes  of  England  some  idea  of  the  state  of  Heathenism,  Degradatioc,  tod 

Misery,  in  which  multitudes  of  their  poorer  brethren  languished.     His  revclattons  cm:ni. 

at  the  time  of  their  appearance,  universal   horror  and  excitement — that  a  nation,  prom- 

sedly  Christian^  should  have  in  \\h  midst  a  vast  population,  so  sunk  in  ifpnorancc.  v»c<.  soi 

yrxy  hatred  of  Religion,  was  deemed  incredible,  until  further  examination  eatablishco  tbe 

truth  of  the  statements  advanced.    The  result  is  well  known.    The  LomUm  of  Mr.  Mathi* 

will,  happily,  soon  exist  only  in  his  pages.      To  those  who  wouKi  appreciate  the  efiora 

already  made  among  the  ranks  which  recruit  our  "dangerous*'  clasaem,  and  wbow,^;.^ 

learn  what  yet  remains  to  be  done,  the  work  will  afibrd  enlighteament, not  Baouagietf  siU 

surprise.  " 
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MILLER    (Thomas,   Author  of  "  Pleasures   of  a 

Counlry  Life."  &c.) : 

THE  LANGUAGE  OF  FLOWERS.  Wiih  Eight  beautifully-col- 
oured Flnral  PUim.  Fcap,  6vo.  Cloth,  gilt  ed^es,  3/6.  Faurltnttk 
ThoHS«nd, 


MILLER    (Thomas)  :    THE    LANGUAGE   OF 

FLOWERS.  Ahridged  from  the  larger  work  by  Thoii*s  Miller. 
With  Coloured  Froniispicce.     Limp  doth.  6d.     Chiof  Edition. 

POE'S  (Edgar  Allani  COMPLETE  POETICAL 

WORKS.  Edited,  with  Memoir,  by  J*meb  Hsnmav.  Full- page  til u«- 
(rations  after  WekmekTi  Wklr,  and  others.  In  paper  wrapper. 
Illusitaled,  i/fi. 


SHAKSPEARE  :  THE  FAMILY.   The  Dramatic 

Worka  of  WILLIAM  SHAKSPEARE.  edited  and  eipcetkly  aUapted 
for  Home  and  School  Use.  By  Thom*s  Bowoler.  F.R.S,  With 
Twelve  beautiful  lllustraliMia  on  Steel.  Crown  8vo.  Clolh  gilt.  10/6  ; 
Morocco  antique.  17/6.     A'rw  Edilion. 

',*  Tkii  vtii^ui  Edition  of  ihi  gnat  dramatist  !t  admirahly  tuitidfor 
kemi  uu;  trktlt  ohjrclionabtt  pnraiti  ham  h/»  mfnrgalid,  ho  rai ' 
JiiirfiiM  hart  betn  laktn  wkh  thi  tart. 

"It  ■•  auiie  undcniibic  thai  thttt  ui  lant  puuna  in  Shibpean  which 
bthei  truuM  not  i»d  ah.iu)  10  hit  ehtldi«i-ft  brMlur  10  Eii  »al<r-^r  ■  KcntltoHn 


1  all  Rju«  inai  Ml  Buwotan  ho  erorldid  •     , 
..Tbi*  nrtauile*  hia  *hb  KevBHlibad  wi!b     I 


SHAKSPEARE'S    DRAMATIC  &   POETICAL 

WORKS.  Revised  frum  the  Oricinil  Edilioni.  with  a  Memoir 
Euay  on  hi*  Genius  by  Bakky  Conkwall.  A1«>  Annouiictnii 
IntriKlaciory  Remirlis  on  hit  Play*,  by  R.  H.  tlonN*  uid  other  emit.  _  . 
writers.  With  numetoui  Woodcut  Illusiraiioni  and  Pull-pa^e  Steel 
Eiiitraving*,  by  Krhnv  Meadows.  Three  vols.,  Mipcr-niyAl  Hvo,  Cloth 
gill,  fi/-     T4itlh  Edtlioa. 

SHAKSPEARE'S   WORKS.     Edited   by   T.   O. 

H*i.u«ii.t,  F  R  S..  F.S.A.  With  llintnricil  Inirodurtion*,  Kotea 
Exjilanatory  and  Critical,  and  a  series  of  I'uruaiti  on  Steel.  Three 
vol*.,  ttiyal  8va.    Cloth  j{ili,  50/- 


CHARLES  GRIFFIN  S-  COMPANY^: 


THE    STANDARD    DICTIONARY 
QUOTATIONS. 
SOUTHGATE  (Henry):    MANY   THOl 

OF  MANY  MINDS:    being  a  Tteasaiy  of  Reference,  c. 

Selections  from  the  Writings  of  the  most  celebrated  Autbo 

and  analytically  arranged  by  HenrV  SoUthcate.     Tooed  p. 

Svo.    Cloth  gilt,  elegant,  11/6;   Library  Edition,  hslf  Roxl 

ffloroccD  antique,  zi/-    Tmnty-iigklh  Edilion. 

••  The  prodiKC  o(  yein  of  rourcb.-— EmniiHr. 

*■  Deilined  ID  take  ■  hich  plies  vnaog  boola  of  this  citu.* — Sain  tt 

"  A  Ireaiura  to  EVEty  tiadci  vbo  nu;  be  fortnnaic  enoiuih  M  n 

Journal  0/  EtuHlion. 


SOUTHGATE  (Henry) :    MANY   THOU 

OF    MANY    MINDS.      Secand   Senes.      Sqozrw   Svo.  toi 
Cloth  Eilt,  elegant,  la/G:  Library  Edition,  half  Roxbanh, 

rocco  antique,  11/-     Fi/lk  Edition. 

■■  We  mit  aal  lorpriKd  lb«  «  Stcond  Serin  of  thii  work  thmU  k 
for.    Preachcn  indPoblic  Spaltn  will  find  thai  it  hu  ipcciij  g* 

•■  FuJIy  lutwiOf  the  deiervcd  tepuuiion  of  the  Firxt  Saic^-—Jtk 

THE     SHILLING     MANUAL! 

Bv  JOHN  TIMES,  F.S.A., 
Author  of  "  The  Curiositiea  of  London,"  ftc. 
A  Serie«  of  Hand-Booka,  containint;  Facu  and  Anccdoti 
to  all   Readers.     Fcap.  Svo.     Neat  cloth,  one  itulling  ei 
Edition. 

I.— CHARACTERISTICS    OF    EMINENT    MEN.      By  Ja 

Bound  in  neat  cloth,  price  t/. 

thil  will  bur  rapuLinj."— S**tfSrM  Dailji  Trltfiaph. 

U.— CURIOSITIES    OF    ANIMAL    AND    VEGETABLE  | 

John  Timbs.    Neat  doth,  price  i/- 

■■  Hmg  the  chimi  of  freshnni.  buidet  t 
ShiffiM  Til'gwapH. 
III.— ODDITIES    OF   HISTORY    AND  STRANGE    STOl 
ALL    CLASSES.     Selected  and  compiled  by  Jom  T 
cloth,  price  i/. 

Bdinbutt'hDaily'R'tUw. '  '  ** 

IV.— ONE   THOUSAND    DOMESTIC    HINTS  od  the  Q 

viiions,  Cookery  and  Housekeeping :  New  Invealiofi*  « 
menti,    and  various   branches  of  Household  &' 
piled  by  John  Times.     Neat  cloth,  pi 


"Noi 


d  MinneiHMl 

3 


i 


GENERAL  PUBLICATIONS. 


31 


'a  Manuals — (coHlinutd). 

LAR     SCIENCE.     Recent    ReiMrchei    on   the  Sun,    Moon, 

and  Meieots;    The    Earth;    Phenamena    ti(  Life,    Siiht    t.i\i' 
:    Inventiani  and  Diicoveriei.    Familiarly  Illuitriited.     Wiitian 

—  piled  by  John  Ttmbs.    Neat  doth,  price  ■/■ 


■Ua  lopic,  vttu*  ih*  iiopulu  nund 


riBiJr  7<(r 


■-£.«*■( 


UOHTS   FOR   TIMES  AND  SEASONS.     Selected  ftnd  cuiB' 

7  JOHM  TlMl!9.      Ncit  cloLh,  pckc  l/- 

I  BUI  md  conciu  lotm.  iTi  btouflHtstilhef  •litkinc  *nd  boullful  [»■■«■■» 
It  aUMMl^al  (bu!ir!''-C<l^X^»  0<l(rKn»       "^  ' 

Opiuiona  of  the  Pteaa  on  lb«  Swtea. 

riMHiuh  »  inrnmiH  «tikb  of  iIhm  kImm>  it  (IH  imM  annnln.  Will 
taqeally  tm>ojtiM  ao  ■  luhny  Jdwh)"  w  «T  >>•  araMfL-— MMi^  Jtmal, 
»•  •■<'<iiiMu  »  iIm  Lilnrr,  m*t«d  br  Mr.  roila'  lufciWy  h4  •Mllty.  (m 


John,   F.S.A.): 

:   THE   FAMILY  CIBCLE. 
IhimI  !■  fac  Tmcc  aa4  SewoB,  Oddittaa  of  t 


S  OF  THE  YEAR  (The);  Or.thc  Poct'» 


BRIXGS    nr    EVERY    CUMB: 


I 


FIRST  SERIES.— TWENTY-EIGHTH  EDITION. 
SECOND  SERIES.—FIFTH  EDITION. 

MANY  THOUGHTS  OF  MANY  MINI 

A  Troasury  of  Eafcroacs,  conaiBling  of  Scleotioaa  froai  the  Writings  of  tlti 

Cetebratod  Autlion.  FISST  &  SECOSB  SEB1E3.  Compiled  &  AnaljUcaUf  As 

By    HENET    SOUTHGATB. 


In  Sqvara  8ro,,  e?f jflnf  fy  jirintril  on  loiud  paper, 
Presentntlon  Edition,  Cloth  and  Gold  ...         t£a.  6d.  m^^ 

Library  Kdition,  Half  Bound,  Boxbargha        ^         11b. 

Do.,  Morocco  Antique      21fL 

Each  Serlei  it  eomplefa  in  ittflf,  and  leU  tepantUtf, 


1^ 


"'lHnT TrovnnTH,"  A 


■s  arlAnitlTthapr 


I— ginn»llj  vrlt  ••id— npon 

it  CHmpIu  et  Ihonibc  uil  itjl* 


"Tht  mini  €it  tlmo^  MnMama^m 


"TIi«re  li  no^  H  «»I»nnMMMbM>< 
tmhj  lailniM  Id  ttaii  TalBOM.  <M*W] 
twoj  v^ei  tt  Udis  wliti  Urn  «Mia  ^  ^ 
thonglit,  ud  olla^sw  vtLblteMlkMli^M 
eiDlui.  Ta  t>kB  IhS  book  liuo  Mir  feBk  *■■ 


